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Editors Note

The Defense Advanced Research Projects Agency (DARPA) initiated
the VELA Research Program in 1959 in response to a national need for
development of a scientific basis for monitoring nuclear testing in all en-
vironments. From program inception, DARPA has developed the technical
basis for all U.S. test ban treaty negotiations. The current focus of the
program is aimed at improving capability to monitor underground nuclear
explosions.

On the occasion of th= ‘wenty-fifth year of the VELA Program, a
special review meeting was neld to assess progress in the program
throughout its history, to review the state-of-the-art in key areas, and
to identify potentia! new improvements. This special volume com-
memorates the twenty-five years of the V_.LA Program. It includes talks
and papers presented at the DARPA Review meeting and additional con-
tributions of significance.

I would like to express appreciation to the authors for their coopera-
tion and time taken for careful reading of the draft articles. Special thanks
are due to several individuals for their efforts. George Duffin and his staff
at Teledyne Geotech prepared two volumes of abstracts and materials for
the special review meeting. Nancy Davis and her staff at Science
Applications International Corporation typed all the manuscripts for this
book.

Special acknowlerigement is due to Dianne Carlson and her staff at
Executive Graphic Services who redrew all the artwork and typeset the
entire book. Without Dianne’s tireless efforts and dedication, this volume
would not be possible.

Ann U. Kerr
Editor
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Special Recognition

Throughout the history of the VELA Nuclear Monitoring Research
Program, manym&vﬂualsﬁ'ommmermxsamdexmcmsumm industrial
research groups, and government agencies have made major contribu-
tions to its success. There are two who have been instrumental, each
in his own way, helping establish and shape the program through its various
phases.
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Carl F. Romney

Carl Romney has been uniquely involved in every facet of the VELA
and DARPA programs since their beginning and continues his close in-
volvement as Technical Director of the Center for Seismic Studies. He
was a member of the United States Delegation to the ‘Conferencz of
Experts to study the ‘‘ Possikiiity of Detecting Violations of Fossible
Agreement on Suspension of Nuclear Tests' in 1958. He was also a
member of the Berkner Panel. These were two landmark efforts to con-
sider international monitoring of nuclear testing and the scientific and
technical issues related to monitoring. In both these roles he was in-
strumental in formulating the concepts, goals and requirements for a na-
tional program in nuclear monitoring, the catalyst for the VELA program.
During a period of rapid and frequent changes in global nuclear testing
he served as an Assistant Technical Director of AFTAC and provided
the essential scientific leadership instrumental in shaping its organiza-
tional character emphasizing technical and analytical expertise. At the
urging of ARPA, he served as the First Director of the VELA
Seismological Center, establishing it as a strong technical force during
its more than twenty years in the VELA program. Throughout his career
he has served as a member of or Senior Technical Leader of every ma-
jor United States test ban treaty negotiating delegation.

As Deputy and then Director of the Nuclear Monitoring Research
Office at DARPA, his leadership in the field continued to set high stan-
dards of scientific excellence and champion the research program, especial-
ly in periods of budget uncertainties. In his role as Deputy Director for
Research at DARPA he continued his interest in and support of basic
research, hxghhghtmg the need for and strengthening the place of basic
sciences within the Department of Defense.

During his federal career he received numerous awards and com-
mendations. He is specially distinguished having been one of the first
to receive the award of Presidential Executive.
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William J. Best

Bill Best’s contributions are many and unique and impossible to catalog
here. His first career spanned twenty years as an Air Force Officer from
which he retired as a Colonel in 1964. His second career as a Program
Manager in the Air Force Office of Scientific Research also sparmed twenty
vears. In both these careers he has received numerous citations and
awards recognizing his contributions. He is one of the very few persons
in the country who have been associated with the DARPA Research Pro-
gram since its inception. In his various roles he has helped the science
of seismology with his sponsorship of university research and the many
scientists he funded and guided through the years.

The strong academic component of the VELA program and its em-
phasis on fundamental research is a hallmark of the program and of Bill's
involvement and personal philosophy. Bill's management and foresight
provided university scientists with facilities to advance seismology from
a ‘sleepy little science’ in the 1950s to the dynamic field it is today; in
its evolution influencing a broad spectrum of solid earth geophysics.
Throughout the years, he provided key support at the university level
to encourage and maintain a critical mass of fundamental research in solid
earth geophysics. Two generations of seismologists were guided and sup-
ported through his efforts. Beyord the contributions of the university
research program to nuclear test ban monitoring are the many careers
in seismology fostered by Bill. Two generations of seismologists were
guided and supported through his efforts. Many of todav’s key resear-
chers in the field began and continued their individual careers as a result
of Bill's stewardship.

It is not only what Bill has accomplished but how, His many ac-
complishments are well known but what is most cherished about Bill is
his personal and unique style. Even in retirement from his second career
he maintains strong ties with the program and his former ‘‘kids’’, a
privileged title, indeed.
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Foreward

The International Conference of Experts meeting in Geneva in 1958
explored a number of methods for monitoring a proposed suspension of
nuclear testing and recommended a global control system for this pur-
pose, Following this conference, and in the ensuing negotiations, it became
quickly apparent how little was understood about the problems such a
verification system would present. To remedy this situation, President
Eisenhower formed a special Science Advisory Committee to review these
proposals and to give recommendations on z broad range of issues con-
ceming the capability to detect and identify nuclear explosions. One recom-
mendation adopted by President Eisenhower, and given the highest
priority, was the establishment of a comprehensive research effort to
‘provide 2 full understanding of both the capabilities of presently pro-
posed nuclear detection systems and the potential for improvements in
such systems.’ The newly formed Advanced Research Projects Agency
within the Department of Defense was given the responsibility for develop-
ing this program. On 18 September 1959, ARPA Order Number 102 was
signed providing funding to the U.S. Air Force for research in nuclear
test monitoring technologies. Thus began project VELA. Other Orders
followed quickly tc the Atomic Energy Commission, the U.S, Ceast and
Geodetic Survey and the National Acronautics and Space Administration.
The incipiant VELA Program turned early to the National Academy of
Sciences for assistance in mobilizing the U.S. academic geophysical rom-
munity behind this effort. The continued funding by DARPA to this pro-
ject over the twenty-five years that we now celebrate :qs profoundly
changed the course of seismology and geophysics in both wis country
and around the world. Indeed, numerous present-day concepts about the
constitution and dynamic processes of the earth owe their origins to this
program.

Many of the papers in this review ploi the course of steady
improvements in the nuclear test detection field. nitial hopes for quick
technological sob:iions to the overall verification problem for use in the
Comprehensive Test Ban negotiations in the early 1960’s proved
unreachable. However, the program has served the country extremely
well by providing the fundamental teciinical basis of the current U.5.
nuclear monitoring system as well as supplying the sound technical ad-
vice necessary in the ensuing nuclear test ban negotiations. The idealism




X Foreward

and dedication to this project by the current generation of researchers
is no less than those at the founding.

Much: thanks goes to the participants in this review for their efforts
in summarizing the state of the VELA research. Ms Ann Kerr must be
particularly singled out for her organization and planning of the twenty-
five year review and her commitment to produce a first class document.

Dr. Ralph W. Alewine, Il
Defense Advanced Research
Projects Agency
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A Review of Test Ban Research

Dr. Ralph W. Alewine, 111

Within the DOD, the responsibility for these research and develop-
ment activities to improve national capabilities to detect, identify, and
determine characteristics of foreign nuclear explosions has been assigned
to the Defense Research Projects Agency (DARPA). DARPA's charter
includes responsibility for basic research and development to solve fun-
damental problems of nuclear test monitoring, as well as providing scien-
tific support to U.S. arms control activities.

In recent years, the emphasis of verification research has been on
improving the capability to detect and identify underground nuclear tests
and on determining their yields. Currently, seismological methods are
the primary means for the detection of such tests and the determination
of yield. Other remote sensing means are likely to play a critical role
by providing corroborating evidence of a treaty violation. Therefore,
surveillance by, for example, satellite photography certainly would make
clandestine testing more difficult. Under a comprehensive tesi ban
treaty, it will be necessary to verify compliance in all environments: that
is, in the atmosphere, in space, and in the oceans, Unlike underground
nuclear tests, there is the additional problem of unambiguously attributing
a detected nuclear explosion to the responsible nation.

A key point is that the verification of any nuclear test Emitation agree-

~nt must be based on solid technical grounds. From a monitoring
perspective, it is especially important that this technical foundation be
established either before or concurrent with consideration of such
agreements. Developing the foundations for verification technology ex
post facto can lead to serious difficulties.

As a case in point, the Threshold Test Ban Treaty was negotiated
with the Soviet Union in 1974 and set a 150-kiloton imit on the max-
imum size of underground nuclear explosions. Some provisions were made
in the protocols of the treaty for the exchange of geophysical data and
yields of two calibration explosions to aid in the monitoring of this
treaty. Since the only practical way to estimate the yield of Soviet
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underground nuclear tests at that time were seismological techniques,
it fell to this method to serve as the primary monitoring tool. Prior to
this time, U.S. policy was specifically aimed at seeking a Comprehen-
sive Test Ban Treaty and, therefore, research on developing the
methodology to achieve the level of yield accuracy required was a relatively
neglected research area. As a result, the research base was insufficient
to anticipate the yield estimation problems which subsequently have arisen
with monitoring this treaty.

As aresult of an intensive research effort, the technology and scientific
basis for monitoring the Threshold Test Ban Treaty has advanced con-
siderably since the time the treaty was negotiated. Qur understanding
about the processes which affect yield estimation has increased and ad-
ditional measuremen _chniques have been developed which can be
used for on-site verification of the yields. Improvements to our monitor-
ing techniques have been made and are continuing. However, these
unilateral improvements to the current methods are inherently limited
by the lack of sufficiently complete and reliable geophysical and other
information concerning the Soviet nuclear test sites. If the uncertainties
in our yield estimates are to be significantly reduced, more direct infor-
mation is needed than is currently available, or is specified for exchange
in the current treaty protocols.

The Soviets and others in this country have suggested that adequate
verification of the TTBT will result from the exchange of the data called
for when the treaty is ratified. Unfortunately, these data will be of limited
use unless they can be independently verified. Even if these data were
verified, they would not provide the required information to achieve the
yield accuracies for other large tests,

In the Comprehensive Test Ban Treaty (CTBT) taks of 1977 through
1980, the discussions focused on three verification measures which wouid
be placed into operation to supplement the national technical means of
each country. These were:

- anetwork of seismic stations and arrays in the U.S., the U.X.,
and in the Soviet Union, specifically designed for treaty monitor-
ing purposes;

~ asystem of International Seisrnic Data Exchange which would
draw upon the work of the Conference on Disarmament; and,

~ a provision for limited on-site inspections.

Since the CTBT talks were suspended, research has continued to
develop the technology base in each of these three general areas. Most
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of the recent efforts in on-site inspection technology have been under-
taken by the Department of Energy national laboratories.

In a comprehensive or very low vield test ban situation, as we shall
see, there would be inherent risks in relying on seismological techniques
to provide definitive evidence of a concealed underground nuclear ex-
piosion. It must be emphasized that seismological methods, by
themselves, may not be able to provide sufficiently conclusive evidence
of & carefully concealed nuclear test. However, the seismological data
can be used very effectively to quickly detect and locate suspicious events
so that other verification methods can be focused on them.

The fundamental technical basis for monitoring underground nuclear
explosions has not changed draniaticaily over the past decade. The con-
cepts underlying the detection and identification of explosions and the
techniques which can be used to attempt to evade detection and iden-
tification remain generally as thecy were Gescribed in some detail in the
mid-1970’s. However, there have been some important changes in
capability resulting from steady progress in our research program in
geophysics and explosion seismology. We now have a more complete
understanding of the nature of explosions and earthquakes as sources
of seismic signals, as well as the effect of the earth’s structure on the
propagation of these signals.

Most of the research emphasis before 1980 was on methods for detec-
ting, identifying, and characterizing explosions from seismic signals col-
lected at long ranges. These are primarily the signals which we can record
with existing national technical means (NTM) based on seismic stations
outside the USSR, With agreement in principle during the CTBT talks
to establish seismic siations ou Soviet territory, research has been
redirected toward methods based on the use of data collected at regional
distances (that is less than 2,000 kin) from events of interest. Signals
from these shorier distances turn out to be much more complicated than
those from the longer ranges, but they can be exploited for the detec-
tion of much smalier events. It is these complicated signais that we must
use from staticns inside the Soviet Urion under a nuclear test ban
treaty. One of the key topics for research is development: of robust tech-
niques to identify explosion-like events using these regional signals. Since
the character of these signals depends on each specific region, this
research is handicapped by the lack of adequate data from the Soviet
Union,

The most dramatic improvements in seismic monitoring capability
have been in two major areas: (1) data collection capabilities, that is, im-
proved seismic instrumentation, electronics, and high dynamic range digital
data recording; and (2) development and implemnentation of automated




4 A Review of Test Ban Research

and more powerful data processing techniques. In reviewing this pro-
gress, a highlight is the development of ultra-sensitive seismometers with
extremely great resolution and Jow noise electronics.

The shift to high quality digital data collection has made it possible
to automate much of the data processing, and therefore to handle the
large volumes of data that will be required with consistent procedures,
The capability for automated processing and data analysis is still at a
relatively early stage of development, but is being improved and
demonstrated at the DARPA Center for Seismic Studies in Arlington,
Virginia.

This promising new technology is being exploited as quickly as
possible. Improved sensors developed in this program have been incor-
porated by the Department of Energy into engineering prototypes of
seismic stations which could be used inside the Soviet Union or elsewhere.
A network of these stations has been deployed in the U.S, and Canada
for test and evaluation purposes. The digital data from these stations
are broadcast directly by satellite to the DARPA Ceunter, where they
are used to test the automated data handling methods under develop-
ment. The ability to bandle the large volumes of data from a network
of stations inside the Soviet Union is reasonably advanced. In addition,
this development is providing a thorough evaluation of the prototype
seismic sensor systems.

Under the auspices of the Conference on Disarmament (CD) work
has continued on the development of methods for ‘‘International Seismic
Data Exchange.’’ The concept is to collect, organize, and make available
seismic data voluntarily submitted by existing seismic stations at many
focations around the world. These data could be used by countries that
do not possess sophisticated National Technical Means to monitor for
major treaty infractions, and they could supplement U.S. monitoring
systems in certain remote areas. With the support of the DOD research
program, the U.S. has been very active in the development, specifica-
tion, and testing of procedures that could be used for these purposes.
We have undertaken a number of technical initiatives within the CD to
improve the overali global monitoring capabilities and to introduce ad-
vanced technical methods into the prooosed international system.

With the firm backing of the U.S., the CD undertook last fall a two-
month test of elements of the proposed system. Altogether, more than
37 countnies took part, contributing data from almost 80 globally distributed
seisnic stations. Prototype International Data Centers were established
in Washington, Stockholm, and Moscow to receive and analyze data from
the network and to distribute the results to all participants. The
Washington International Data Center used the facilities of the DARPA
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research center and made extensive use of the automated data acquisi-
tion and processing methods developed for monitoring purposes. An
evaluation of this test is now underway by the CD, but it is clear that
a number of deficiencies must be corrected and the overall technolugy
upgraded before such a system can play any meaningtul role in 2 nuclear
test ban situation.

During this international data exchange sxperiment, a number of
nuclear explosions in the Soviet Union, French Polynesia, and the U.S.
were detected and reported by participating stations, and locations and
magnitudes were determined by the Washington and Stockholm data
centers. However, the Soviet Union limited its participation to a single
seismic station and, contrary to the agreed procedures, withheld data
from all Soviet nuclear tests. Such actions reinforce the long-held U.S.
position that any verification arrzngeraent for seismic installations inside
the Soviet Union must have the provision for direct access to the data
produced by those stations.

It has been known for some time that special measures might have
to be employed to achieve effective monitoring in the Kurile-Kamchatka
area of the Soviet Union. This is an area of concentrated military ac-
tivities, as well high seismic activity, and thus an area where evasion
must be considered a possibility. One promising approach for improving
the monitoring capabilities in this area was to implant seismic sensors
deep beneath the sea bed in international waters in the northwest Pacific.
The technology in instrumentation, marine engineering, and deep sea
drilling has only recently been developed to a point where such a challeng-
ing project could be undertaken. An experiment was successfully con-
ducted, using the drill ship Glomar Challenger to implant the sensors
and recording systems, to demonstrate that effective monitoring data
could be obtained from carefully chosen sites in the deep ocean. The
results of this experiment open large new areas of the world, previously
considered inaccessible, to installation of high quality monitoring stations.

A highly promising development in the research program has been
the design and testing of a prototype advanced seismic array. This new
array, called NORESS, offers the potential of providing much greater
sensitivity for signal detection than any existing station. It also provides
valuable information to help locate events. The superiority of such in-
stallations for the detection and identification of low-magnitude events
in a test ban context is evident. After several years of design and ex-
perimentation in cooperation with scientists in Norway, the prototype
NORESS array began operation in a research mode earlier this year in
southern Norway, an area which is thought to be geologically similar to
the western part of the USSR. This seismic research station, which is
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the most advanced in the world, has been specially designed to detect
and locate signals of higher frequency which propagate in the regional
distance range. Initial indications are that NORESS can achieve about
an order of magnitude improvement in signal detection. capabilities in the
regional range of interest. A very preliminary analysis indicates that the
regional array has a detection threshold in the 2.5 to 3.0 magnitude range
for certain regional paths extending into the Soviet Union. A full evalua-
tion and exploitation of these results is underway.

Within the past decade, the research program has included a major
effort to maintain and improve the global seismic monitoring capabilities
and to provide a high quality data base for research and technique develop-
ment. Eighteen advanced seismic observatories have been installed around
the globe and other existing stations equipped with improved digital equip-
ment. In addition, we have supported several international cooperative
efforts to improve the available global data base for research purposes,
including efforts with Australia and the Peoples Republic of China.

One mjor objective of the research efforts discussed thus far has
been to reduce the threshold for signal detection to as low a level as
possible, This is the area inn which the research program has been most
successful. For example, if the monitoring objective is to detect all nuciear
tests as small as one kiloton or more, it now appears that a detection
threshold of about magnitude 2.5 is required. At the present time, we
have insufficient information about the geophysical characteristics of the
Soviet Union to determine with any certainty the exact number and place-
ment of seismic monitoring installations which would be necessary to
achieve such a monitoring goal. Only rough estimates, based on imprecise
assumptions, can be made.

In any case, a requirement for monitoring large portions of the
entire Soviet Union at this level would be a formidable task in data
processing and analysis because of the very large number of natural events
of this size which occur. At the present time in our research program,
the capability developed to detect small events has far exceeded our
capability to differentiate small, or muffled, nuclear explosions from natural
seismic events. This is especially true when only the complex data from
regional distances are available. It has been estimated that, based on the
technology available today, at least 1,000 natural seismic events per year
at the one kiloton monitoring level would require special attention and
analysis. With the current capability to discriminate between nuclear ex-
plosions and earthquakes, a significant fraction could not be confidently
identified as non-nuclear. Some of these would actually be earthquakes
that have seismic characteristics that do not easily distinguish themselves
from explosions, and some would be chemical explosions.
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Chemical explosions pose an especially difficult problem for a low
yield nuclear test ban treaty. A large number of them zre routinely con-
ducted for civil and engineering purposes. In fact, there are occasional
chemical explosions with yields of several kilotons or more. Current
seismic verification capabilities are not adequate to distinguish between
chemical and low yield nuclear explosions, or to provide the assurance
that a bona fide chemical explosion is not disguising a nuclear test. Bar-
ring some unforeseen technical breakthrough, some alternative provi-
sions will be required to deal with this problem.

A signatory to a nuclear test ban who is determined to conduct
clandestine nuclear tests could attempt to do so in any environment —
in space, in the atmosphere, in the ocean, or underground. The satest
way to attempt clandestine underground testing is to design the test to
produce seismic signals which are below the detection capability of the
monitoring network. The most effective way to reduce seismic signals
is to conduct the nuclear explosion in a large underground cavity (cavity
decoupling). Large cavities, which can be used to reduce the signai= of
militarily significant yields, are not uncommon and can be construc
most easily in areas of underground salt deposits. Such areas are ute
extensive in the Soviet Union. Cavities of the volume required for such
tests exist, although all may not have the optimum shape for decoupling,
In the United States they are used for storing petroleum reserves. Foil-
ing such an evasion attempt requires a very sensitive monitoring net-
work which is reliably deployed. This threat is the primary reason for
the need for high quality stations and arrays inside the Soviet Union.

The U.S. has long recognized the threat imposed by the cavity
decoupling method and has fully taken this into account in our monitor-
ing capability estimates. However, it must be said that the current
understanding of the seismic effects of cavity decoupling is incomplete
and is based on a relatively sparse set of experiments. Inconsistencies
remain between actual experience and theoretical possibilities. A full-scale
feasibility test of this concept was conducted a number of years ago
using a small nuclear explosion, and data from this experiment have been
supplemented with laboratory and numerical models and other theoretical
work.

There are indications from this experience and from theory that the
cavity decoupling evasion method loses its effectiveness at frequencies
higher than those now normally used for signal detection. Thus, if these
high frequencies can propagate efficiently over certain paths, it may be
possible to reduce the effectiveness of this evasion scheme in some cir-
cumstances. Several years ago, we discovered through our research pro-
gram that seismic energy does propagate very efficiently across the
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western portion of the Soviet Union, at least when the signals do not
cross major geological boundaries. Stations deployed inside the Soviet
Union could presumably take advantage of this. We are now collecting
and evaluating such high frequency data from events originating in the
Soviet Union to determine the propagation characteristice of very high
frequency signals such as might leak out of a cavity-decoupled explosion.
Much is left to be learned about this.

It is known that the Soviets have conducted a number of nuclear tests
in areas where cavity decoupling is possible. They certainly have infor-
mation on the propagation of high frequency energy in these regions,
Such information, if available to the U.S. research program, would greatly
reduce our uncertainties abuut the effectiveness of this evasion possibility
and contribute to a better understanding of our verification capabilities.

A substantial number of high quality stations and arrays within the
Soviet Union is necessary for effective counter evasion. Without these
stations, evasion of the nuclear test ban would be relatively easy and
with decoupling could involve explosions with fairly large vields, .e., more
than ten kilotons. If there were a sufficient number of properly sited
stations and arrays, evasion would not be impossible, but it would be
much more difficult, complex, and expensive, especially for yields greater
than a few kilotons.

One should bear in mind that no realistic seismic verification system
will be able to monitor a zero yield test ban with 100% certainty. We
also must realize that seismic evidence by itself cannot provide all of the
stringent data that will be required to ensure compliance. Other methods
must supplement this system. A realistic goal for our research program
has been to provide the technology to deter cheating by maintaining a
high probability of detecting and identifying nuclear tests of militarily signifi-
cant yields. It is important that any verification measure be viable and
contribute to confidence building by minimizing the number of natural
earthquakes and man-made non-nuclear events (for example, chemical
explosions) that could be mistaken for nuclear explosions.

A comprehensive test ban would be, from a monitoring point of view,
a low-yield threshold treaty with a vague and undefined threshold. Con-
sideration of an explicitly defined low-yield threshold test ban, rather than
a comprehensive test ban, presents a different set of verification pro-
blems. As we have found out, monitoring the current 150-kiloton limita-
tion on testing, which demands the precise determination of yield, 's a
very complex undertaking and requires considerable information about
the geophysical conditions near the explosion site. As the yield limit
becomes smaller, the range of possible variation in emitted seismic signals
grows larger. Direct determination of vicld by measuring the
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hydrodynamic shock front can provide a relatively precise yield estimate
for underground tests. This method could also provide a seismic calibra-
tion for small geophysically homogeneous sites and thus reduce the uncer-
taintiez of the seismically determined yield estimates of other tests. Such
measures were discussed in the PNET negotiations and more recently
by President Reagan as a means for improving the verification of the cur-
rent 150-kiloton limit on testing.

In summary, DARPA has been conducting a vigorous research and
development program to improve nuclear test ban verification capabilities.
Significant iiaprovements to our monitoring capabilities have been made
through the research and development effort and they are continuing.
Technology is being developed and improved, both for existing monitor-
ing resources and for potential systems whose installation in the Soviet
Union which would have to be negotiated. If successfully negotiated, the
installation of a number of high quality tamper-resistant seismic stations
and arrays in the Soviet Union would significantly lower the verification
threshold of a nuclear test ban treaty. The amount of imprevement that
such facilities in the Soviet Union would provide depends on the number
and siting of the installations, on the actual geophysical conditions within
the USSR, and other factors. At the present time, the research efforts
are handicapped by the lack of adequate geophysical and seismological
data from key regions in Eurasia. Any action to make such data available
would provide a major contribution to the effort to improve our seismic
monitoring capabilities.

As technical experts, it is our role to realistically portray the capability
and limitations to monitor compliance with proposed nuclear test limita-
tion agreements. This is crucial for assessing the risks. There remain
problems in detecting and, especially, identifying underground nuclear
tests, particularly if they are carefully designed for evasion. Until these
problems are solved, they will present a degree of risk. The potential
for deliberate evasion must be balanced with stringent verification
measures to reduce these risks, which should not be understated. These
are the key problems to which our research efforts are directed.
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Underground Nuclear Weapons Testing
and Seismology — a Cooperative Effort

Gerald W. Johnson

As you know, I didn’t come here to make a speech. I came here
to listen. But I am pleased to have the opportunity to make a few com-
ments. It has been my pleasant fate to have become associated with the
seismic community almost 30 years ago. With respect to the seismic com-
munity, I would class myself as having been primarily a user of your pro-
duct. I have learned to appreciate the fact that seismology is not an ac-
curate science in the sense that safety requirements need to be im-
plemented and treaties need to be verified. There is always a demand
for less uncertainty. Rather than to go through a mass of detail, I would
like to pick out a few points here and there and pick up on Hal Thirlaway’s
talk with respect to the history of the interaction between your
seismologists and the nuclear weapon test program. My contact with you
began in 1956—while I was in charge of the nuclear weapons test pro-
gram in Nevada for Lawrence Livermore Laboratory.

The development of the technique of underground testing was
stimulated in the latter 1950’s because of the rising concerns about
radioactive fallout both locally and worldwide from atmospheric testing.
These concerns were brought forcibly to my attention in 1956 during
our test operations in Nevada when we experienced delays of up to three
weeks awaiting faveorable wind patterns which would result in acceptable
local fallout. Steps were taken to reduce the local fallout by firing the
test devices on top of steel towers up to 500 feet high or alternatively
suspended from tethered balloons at altitudes up to 1500 feet. While these
approaches were successful in alleviating the problem, as time went on
and political sensitivity increased our operational constraints actually
increased.

To assure that operations were carried out in accord with guidelines
established by the Atomic Energy Commission for maximum allowed ex-
posure of test personnel as well as offsite individuals and communities
to radioactivity and other offsite potential hazards arising from flash,
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airblast, and—to some degree—ground shock, it was r ‘essary to
establish a large task force. As a consequence, when the operations were
carried out there were thousands of people on the site. Because so many
individuals were involved costs were very high and as a consequence
the operations were carried out as expeditiously as possible. Such crash
efforts carried out at intervals of about eighteen months were a com-
plication to those of us who were responsible for the development of
nuclear weapons. We concluded that development could advance more
expeditiously if it were possible to establish a *‘laboratory’” in which tests
or experiments could be conducted at times dictated only by the test
program,

Because of all of these concerns and hased on a suggestion by
Edward Teller and David Griggs, the test division at the Lawrence Liver-
more National Laboratory designed an underground nuclear test to
evaluate the practicability of such testing for nuclear weapous. If the re-
quired technical data could be successfully recovered at acceptable cost
we would have available the laboratory we desired and we would be able
to fire without serious concern for the winds or for off-site hazards to
people or property, with the possible exception of the effects of ground
shock on structures off-site for sufficiently large explosions.

Since this event, code-named RAINIER, was to be an experiment,
the explosive selected was a production unit which would give a known
yieid of 1.7 kilotons. For convenience and, we thought, simplification of
instrumentation, it was decided to place the explosive at the end of a
long tunnel driven into the side of a mountain on the Nevada Test Site,
now known as Rainier Mesa. The tunnel was terminated in a spiral design-
ed to be self-sealing with respect to radioactivity and the explosive was
placed in a small cubical room at the end of the spiral. The tunnel im-
mediately outside the room was sealed with several feet of sandbags.
The physical, chemical, and mineralogical properties of the medium sur-
rounding the emplacement chamber were characterized in detail as well
as the geological structure out to the mouth of the tunnel. With all of
this detail in hand it was hoped that the post-shot results could ultimately
be amenable to theoretical analysis and interpretation.

It was early recognized that the explosion would be measurable over
large distances with seismographs and could be useful to the seismological
community. In addition, the closer-in strong motion measurements could
be applied to assessment of damage to local structures as well as
characterization of the near field. In response to their suggestions, to
be most helpful to the scientific community we arranged to announce,
prior to detonation, what the total expected energy release would be
and to provide the geographical coordinates of the center of detonation.
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It was also agreed that the detonation time would be announced ahead
of time and that the event would take place within one-tenth second of
the announced time. In the event that the firing was delayed for any
reason, the delay would be twenty-four hours at a time.

As operators we were interested in encouraging the seismic
measurements which would form the basis for establishment of allowable
yields to be tested at the Nevada Test Site. The cooperative arrangements
worked out at that time formed a precedent for subsequent activities
of a similar nature.

However, our good intentions almost got us into trouble. The publicity
attendant to the announcements to be made to the scientific world almost
cost us the test. In early September of 1957 when we were making final
preparations, in the course of an international meeting on geophysics in
Toronto this experiment was described to the assembled scientists as
all of us desired. However, when the press picked it up the subject hit
the headlines with the announcement that the Atomic Energy Commis-
sion was planning to fire a small ‘‘Earthquake Maker’’ in Nevada.

This unfortunate description of the event led to a number of difficulties
for us. First ¢ all Louis Strauss, the Chairman of the Atomic Energy
Commission wno had the final approval authority for us to proceed, called
me to state that the Commission would only approve the event if we
could assure them with respect to the following three questions:

1. The detonation would not directly cause seismic damage.
2. It would not trigger an earthquake.

3. If a natural earthquake occurred at the same time with an
epicenter in the vicinity of the test, we had to be able to prove
it had not been caused by the detonation.

Since none of us were qualified to answer these questions and also
since we were advocates for the tests our object-ity might be subject
to question, we asked the seismologists for help. A small advisory group
was established under the chairmanship of Professor Perry Byerly of the
University of California at Berkeley. This group was able to successfully
reassure the Commission on all questions raised for an energy release
of 1.7 kilotons. In fact, in response to a question from Chairman Strauss,
the spokesman for the committee stated that up to one megaton could
probably be fired underground at the Nevada Test Site without undue
risk to property off-site in Nevada.

The test shot was successfully fired on September 19, 1957 without
measurable release of radioactivity and subsequent analysis of the
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measurements indicated that nuclear weapons development could be suc-
cessfully carried out underground at yvields of interest and under condi-
tions which would protect public safety—the basis for the underground
‘‘laboratory’’ had been established. The seismic measurements were
accomplished by the community out to 4 few thousand kilometers and
the cooperative precedent was established between the underground
nuclear program and the earth scientists.

Now that underground testing was initiated we felt we were in the
clear to continue with weapons development and as the understanding
of the phenomenology of RAINIER unfolded a new program to explore
the possible constructive uses of nuclear explosions was initiated—The
Plowshare Program. An important component of the program was the
hoped use of explosions in various parts of the world as seismic sources
for purely scientific purposes.

However, our joy was short-lived because a little more than a year
later on November 1, 1958, President Eisenhower directed that the U.S.
would abstain all nuclear weapons testing unilaterally provided the Soviet
Union would do likewise. A few days later the Soviets completed their
test series and Brezhnev made a paraliel statement for the Soviet Union.
The test moratorium had begun. While testing was being held in abeyance
by both sides, they agreed to discuss the negotiation of a comprehen-
sive nuclear test ban—the CTB.

The initiation of the talks with the Soviets began in Geneva in early
1958 and continued in various forms until 1961 when atmospheric testing
was resumed. The test ban discussions focused early on the verification
issues in the atmosphere, in outer space, underwater, and underground.
Since underground testing was new and offered promise as a test pro-
cedure eliminating the politically sensitive issue of radioactive fallout it
received special attention. Questions raised were the now-familiar ones
of the limit of capabilities of seismic systems to detect and identify
underground nuclear explosions which meant most importantly to
distinguish between such events and earthquakes taking into account a
number of possible evasion scenarios. One of the questions raised was
the need for calibration explosions of known yields at the test sites of
both sides.

To explore the technical aspects of the proposed arrangements a
small group of us met with the Soviet scientific team several times in
Geneva to discuss the capabilities and limitations of verification by seismic
means. A seismic improvement program was discussed involving improved
instrumentation, use of arrays, and a substantial list of calibration tests
world-wide with explosions up to the megaton energy range. While none
of this effort resulted in a cooperative program with the Soviets or in
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a test ban, it did provide the basis for a substantial boost in the U.S.
seismological program and for cooperative work with other nations.

The resumption of atmospheric testing in 1961 implied that the
Plowshare program could proceed, which it did with primary emphasis
on cratering since the Panama Canal Company and the Corps of Engineers
were interested in the possible use of nuclear explosives for canal con-
struction. At the same time a number of events were carried out in various
geological structures for a number of different justifications and in dif-
ferent parts of the United States. All of the events were coordinated with
the seismic community for scientific purposes and to generate data for
possible future test ban considerations.

As an aside, all during this period and beginning with an exchange
I had with the head of the Soviet atomic energy program, Emelyanov,
at the Atoms for Peace Meeting in Geneva in 1958, the Soviet attitude
toward Plowshare—now referred to as peaceful nuclear explosives
applications—was militantly negative. The Soviet position was that this
talk of constructive uses of nuclear explosives was a subterfuge by the
United States to continue nuclear weapons testing under the guise of
peaceful uses. It was not until 1964 that the Soviets first hinted that they
were developing an interest in Peaceful Nuclear Explosives (PNEs), which
I believe was the original designation of the program by the Soviets and
was the name later adopted by the U.S.

With the completion of the test series in 1963 by the Soviet Union
and the United States, the sides agreed that it was time again to con-
sider limiting nuclear weapons testing especially in the atmosphere. As
a consequence, recognizing that a comprehensive treaty was difficult to
negotiate but still the ultimate goal, the Limited Test Ban Treaty (ILTBT)
was signed and ratified. The treaty limited all nuclear weapons testing
to the underground environment.

The entry into force of the LTBT forced both the U.S. and the USSR
to conduct all of their testing underground subject only to the condition
that the ests would be conducted in such a manner that radioactivity
would not be deposited (USSR position) or present (U.S. position) out-
side the territoria! limits of the state in which the test had taken place.
Under these guidelines over the ensuing years hundreds of explosions
have taken place at the test sites of the two powers with energy releases
up to the megaton range. Although the U.S. continued its program for
only a few more years the Soviet Union embarked on an ambitious PNE
program involving several events per year and with tests taking place
over widely separated parts of the Soviet Union. The experiments covered
a wide range of interests including excavation, gas and oil stimulation,
_ mining, production of underground cavities, and a major continental deep
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seismic sounding program. While some of the nominal yields of Soviet
PNE events have been announced most have not. They did not at any
time pick up on the Rainier cooperative precedent with the seismic com-
munity. As a consequence, today we still do not have a confirmed yield
on any Soviet event, so calibrations for scientific and verification pur-
poses still are needed.

The next challenge to the seismic cormaunity came with the negotia-
tion and signing of the Threshold Test Ban Treaty between the U.S.
and the USSR in 1974, which among other things limited underground
tests to vields of 150 kilotons. Monitoring this limitation required that,
in addition to detecting and locating nuclear tests by teleseismic means,
it was also necessary to measure their yields. An additional related trea-
ty, the Peaceful Nuclear Explosion Treaty (PNET), signed in 1976, in-
cluded the 150 kiloton limitation for single explosions but permitted group
explosions up to 1500 kilotons provided the yields of the individual ex-
plosions comprising the group could each be measured. To be able to
verify the yields of individual explosions in a group would require intrusive
on-site measurements to satisfy compliance conditions. Neither treaty
has been ratified but both sides have behaved as if the 150 kiloton limit
provision were in-force and both sides have on occasion challenged the
other when their teleseismic measurements suggested there might have
been a violation. The diplomatic problem has been complicated by the
fact that it has not been possible to develop a technique for the accurate
enough measurement of yield teleseismically.

With the inauguration of the Carter administration in 1977 a new thrust
was initiated to negotiate a Comprehensive Test Ban Treaty banning all
nuclear weapons testing. In principle this would have implied that the
National Technical Means would need to have the capability of
measurements of yield approaching zero—which of course would be quite
a technical challenge. In practical terms this requirement was interpreted
operationally to mean that best efforts would be made using seismic
methods and to negotiate cooperative procedures to improve the monitor-
ing capability.

One approach explored to improve detection and identification and,
perhaps to improve modestly the yield measurement, was the concept
of unmanned seismic stations in the testing countries. The stations would
be in operation continuously and all data would be transmitted in near-
real time to the signatories of the treaty. The design provided that all
data would be automatically authenticated and the seismometers were
to be installed in tamper-proof configurations at the bottom of sealed drill
holes. While the negotiations were not successfully completed, the delega-
tions had agreed to 10 stations each in the U.S. and the USSR and the
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general locations were selected. The United Kingdom agreed to have
one station on their territory.

Toward the end of the CTB negotiation in early 1979 in the course
of a reception at the British Mission, Petrosyants, the head of the Soviet
CTB delegation, and his deputy, Timerbaev, pulled me aside for a con-
versation. They inquired whether it would be possible to arrange for the
USSR to buy two of the American national seismic stations, one of which
they would install at the site of one of their seismic installations and would
be jointly manned by a USSR, UK, and U.S. team as a research endeavor
to assess the performance of the system in the Soviet Union. It later
developed that the proposed installation would be located in Obninsk,
some 80 miles southwest of Moscow. The other NSS would be examin-
ed in detail by the Soviet Union. What was of interest to me at that point
was that they did not link the deal to completion of the negotiation—it
was to be a separate activity.

The Soviet proposal was consistent with our concept of the applica-
tion of the NSS and the experience gained by the joint experiment was
deemed desirable. It required several months of discussion to work out
details of technology transfer as well as visits of a Soviet technical team
to the U.S. to see the equipment and a visit of U.S, personnel to Moscow
and Obninsk. Toward the end of 1979 it appeared that it might be possible
to proceed but then concern over the presence of the Soviet Brigade
in Cuba was revived and the invasion of Afghanistan began. These events
stopped all further activity on the possible cooperative effort which had
appeared so promising. In the meantime, the development and testing
of the NSS approach continues in the United States which could permit
implementation of the idea if another opportunity were to appear.

These recollections serve to illustrate the intimate association be-
tween all of the varied aspects of underground testing and seismology
that has developed and continued for a quarter of a century to the benefit
of both endeavors. That such mutually profitable cooperative activities
will continue with increasing challenges there can be no doubt and they
should continue to be encouraged in every way.
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Forensic Seismology
H.LS. Thirlaway

Forensic, (from forensis) formally means a forum or market place,
and [ shall give some personal impressions of the way in which seismologists
have been drawn into the political market place, and how they and their
science have performed and continue to fare in the complex negotiations
which precede the adoption and control of international freaties.

Efforts to ban the testing of nuclear weapons was thought to be a
logical step to inhibit the development of nuclear armaments. In these
endeavours, geophysicists have been required to act as expert witnesses
in a variety of unfamiliar forums—conferences of experts, congressional
hearings, technical working groups attached to policy-making delegations —
to name a few. Seismologists have been concerned with the problem of
proof, beyond all reasonable doubt, of the nature of seismic events in the
context of a total ban on nuclear weapon testing—that is to say, with dif-
ferences between earthquakes and explosions as observed on seismograms.

Nuclear tests in other media—water, the atmosphere and outer
space—are prohibited by the provisions of a treaty which was signed m
Moscow by the UK, USA, and USSR on August 5, 1963, and subsequently
ratified by over 100 countries. Indeed, there are several other treaties
in which the capacity of the geophysical and other sciences to detect possible
violations have played, and continue to play, some part. These are the
Antarctic Treaty (1959), the Treaty on Principles Governing the Activities
of States in the Exploration and Use of Outer Space (1967), the Treaty
for the Prohibition of Nuclear Weapons in Latin America (Treaty of the
Tlatelolco 1967), the Treaty of the Non-Proliferation of Nuclear Weapons
(1968), the Treaty on the Prohibition of Emplacement of Nuclear Weapons
and other Weapons of Mass Destruction on the Sea-Bed, and the Treaty
on the Limitation of Anti-Ballistic Missile Systems (1972). That there may
be important omissions among the countries adhering to any of these
treaties is irrelevant to the fact that the treaties are in force, and open
to any state to join, so that, on the face of it, scientists have convinced
each other, and their governments have accepted, that violations of these
treaties could be verified. Consequently, it is not too unlikely to suppose
that one day geophysicists may be required to give evidence before juries
of some kind as to whether or not violations have occurred. The history
of technical negotiations associated with the test-ban treaty, as well as
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of forensic medicine, wamns us that it is not a task to be undertaken light-
ly, and without training and experience beyond the normal professional
experience of the witness.

The Antarctic, Non-Proliferation, and Sea-Bed Treaties provide for
on-site inspections of one kind or another to verify suspected violations.
Others either make no specific mention of procedures for verification, or,
as in the case of the limitation of anti-ballistic missiles, for example, the
USA and the USSR will rely on iheir ‘‘national technical means’’ of verifica-
tion. This is the formula required for converting the provisions of the Test
Ban Treaty of 1963 to a comprehensive ban by including underground ex-
plosions, but seismologists have so far been unsuccessful in convincing
themselves and their governments that national means of verification by
“remote seismographs’’ is an adequate safeguard against undetected but
important nuclear weapon tests, as well as tests, which by natural causes
or by intention, appear to be earthquakes. Even more embarrassing for
a seismologist would be the earthquake, which appearing to be an explo-
sion, would thereby lead a state to be falsely accused of violating a treaty.

From time to time, and especially in the early 1960°s when enthusiastic
attempts were made to reach agreement, politicians voiced their impa-
tience with this apparent lack of professiona! expertise. The blame was
put on the science. Seismology, they said, had been so neglected as to
be still in the Stone Age compared with nuclear and space research. Some
of the blame might more properly have been ascribed to the inexperience
of seismologists in applying their knowledge to the special case of the
manifold procedures necessary for the contro! of treaties of this category.
Forensic seismology, in other words, was an unknown art, and no one
thought to learn from medical colleagues who were in a similar fix 200
years ago.

It was in 1791 that a leading physician, John Hunter, made apparent
that special experience was required before a medical man was fit to act
as a witness in a court of law. The case was Rex vs. Dunellan at the War-
wick Lent Assizes. The prisoner was accused of poisoning by use of laurel
water and the evidence was overwhelmingly in favour of the prosecution.
John Hunter, acting as expert witness for the prosecutior, and in answer
to the following question by the Court, ‘‘Give your opinion in the best
manner you can, onc way or the other; whether upon the whole of the
symptoms described, death proceeded from the medicine or any other
cause?’’ replied, ‘‘I do not mean to equivocate; but when I tell the sen-
timents of my own mind, what I feel at the time, I can give nothing
decisive’’. Seismologists were in much the same dilemma 25 years ago
when governments first availed themselves of their knowledge and ex-
perience for the purpose of formulating a nuclear test-ban treaty. Like
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our medical colleagues, before they created a formal branch of their science
dedicated to aid law in fixing the perpetration of a crime, or to rescue an

innocent person from a falsely imputed crime (in test-ban terms, to detect
a violation and avoid a false alarm), we approached our new duties with

some apprehension. Conscious of the importance which might be attach-
ed to the evidence, we were only too aware of the narrow basis on which
the science rested. We did not enjoy the public gaze in which often we
had to work; we had little or no experience in handling journalists and,
in our innocence, resented what we thought was the unreasonable license
allowed them, and the occasional disparaging comments they made. We
were not careful enough to separate fact from opinion and comment for
the benefit or our officials; we did not give sufficiently direct answers to
simple questions; we filled our answers with technical terms and jargon
as though addressing professional societies rather than civil servants and
politicians and to cover our deficiencies we tended to exaggerate.

If you think I exaggerate, listen to one Soviet seismologist commen-
ting, in 1960, on the apparently straightforward relationship between seismic
magnitudes and yields of explosions in the form

m=C + nlogY

““It is possible that in the American treatment of ‘New Seismic Data’,
some role was played by the circumstance that an increase of » to 1.0
leads to a considerable increase in the computed annual number of earth-
quakes, exceeding in magnitude nuclear explosions with yields approxi-
mately up to 20 kilotons, as compared with the previous Geneva evalua-
tions, and Jeads to the development of the view that there is much greater
difficulty in recognizing such nuclear explosions amoug the ‘tremendous*
number of earthquakes.’’ Again; ‘“The failure of the American experts
in analysing and discovering the causes of the ‘unexpected’ (to them) agree-
ment between local and teleseismic magnitudes in the indicated experi-
ment, can only be explained, in this case, by the hypnotic effect of the
very fact that numerical values, obtained by different means, were the
same’’. The author ends in ‘‘friendly’’ terms when he ‘‘expresses his
heartfelt thanks to his fellow workers...and also to his American col-
leagues...for their ardent discussions, which aided considerably in allow-
ing us...to distinguish what was essential from what was secondary’’. If
these polemics were possible between professional colleagues, what could
the political delegations make of the witnesses? It is instructive to look
in retrospect at the basis of these comments on the seismic magnitude
problem; they illustrate how a variety of contentious issues concerned with
detection and discrimination thresholds stemmed from the inadequate
scientific hase.
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The technical working group of the Geneva Conference on the Discon-
tinuance of Nuclear Weapon Tests was composed of the Soviet Union,
the United Kingdom , and the United States, and was attended by the
Personal Representative of the Secretary General of the United Nations.
It opened on 31 October, 1958, and ceased in January, 1962. The discus-
sions were published verbatim by the Uni* ' Nations; they are essential
reading for all forensic seismologists. The .eiegates enjoyed the benefit
of a moratorium on testing until September, 1961, when the Soviet Union
effectively destroyed confidence in further negotiations by unilaterally
resuming testing over Novaya Zemlya.

The magnitude probiem arose from specially recorded seismograms
of a nuimber of nuclear explosions conducted in Nevada in the autumn of
1958, almost a year after the first underground nuclear expiosion, named
Rainier, and having a yield of 1700 tons. The Atomic Energy Commission
of the United States had given pre-shot details of RAINIER immediately
after Professor Bullen's address at the IUGG in Toronto on the value of
atomic explosions for seismology. (The Soviet delegation, led by Professor
Beloussov, walked out of the meeting called by Keith Bullen to agree a
telegram of thanks o the AEC), The experts at the initial conference on
the test ban in Anzgust, 1958, relied heavily on the RAINIER data when
assessing the relationship between seismic magnitude, yield and the number
of earthquakes occurring annually at a given magnitude threshold. The
magnitude adopted by the Geneva conference was 444. The number of earth-
quakes of this magnitude had to be estimated because the RAINIER
seismograms showed no characteristics unique to explosions, so the ex-
perts were forced to accept a rarefaction, or downward first motion of the
ground, and depth of focus as positive evidence for earthquakes. Earth-
quakes were thereby eliminated one by one and the remaning unidentified
events were to be verified by inspection of the epicentral areas. The number
of unidentified events depended on the total number of events recorded
at given magnitude thresholds. Accord cn these matters was reached in
the sumimne " of 1958, and the design of a network or seismographs to con-
irol the treaty was specified.

Meanwhile, the United States government had decided to suppletnent
existing stations in the USA by deploying a special network of Benioff
seismographs to abserve the series of underground nuclear tests which
wete already placned for the auturn; the yields in terms of TNT eqrivalents
ranged from a few hundred to 20,000 tons. The observaions did nct con-
firm the interpretations and extrapolations made from the RAINIER data
and, after some reluctancz on the part of the Soviets, the secismograms
were tabled for discussion in the technical working group at Geneva.

The contentious issue cential to the problem was the magnitude-yield
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relation to which I have referred. Three Soviet seismographs had detected
the explosion of nearly 20,000 tons at distances in excess of 6000 km. They
gave a magnitude of about 5.2, roughly in agreement with three American
observations from stations between 2500 and 4000 km from the explosion.
This value did not agree with the local magnitudes estimated from the nearer
stations of the ' n-~established network of the western United States. A
value for M; of just over 4% was derived from recordings at stations be-
tween 180 and 600 km distance to compare with the M value for RAINIER
(yield 1700 tons) of 4% accepted by the first experts’ conference. Attempts
to relate the inagnitude scales for local and distant events had already been
made by Gutenberg, who warned us not to place too much reliance on the
result, but because seismographs had been specially deployed in the United
States up to distances of 4000 km, a comparison of the two scales was
possible by direct observation. Eight of these, including the three most distant
American stations referred to earlier, recorded the explosion, and, a mean
of just over 4.8 was estimated as a teleseismic magnitude. Accordingly,
the American local and teleseismic values were accepted as a homogeneous
set and an “official’” magnitude of about 4% was assigned to the 20,000
ton explosion in conflict with the Soviet value (from their three stations)
of just under 5.2. Views hardened round this difference of nearly %
magnitude. It followed that the Soviets could not accept the American view
that explosions (earthquakes) of given yield (magnitude) were more dif-
ficult to detect than had been thought from the RAINIER data; nor could
they accept the larger number of earthquakes (and therefore greater number
of unidentified events for a given yield equivalence) which the lower
ragnitude estimate implied. They argued that five of the stations from which
the teleseismic magnitude had been estimated were located in an anomalous
distance range—the so-called shadow or second zone between 10° and 20°,
and that the low magnitudes derived from them were due to a systematic
error in the amplitude-distance normalizing function.

Why had the RAINIER data misled seismologists just a few months
ealier? Simply because of the scatter of data. Three well-regarded sta-
tions in the California (local) network turned out to be singularly poor recep-
tors for P-waves originating from explosions in Nevada. For the explosion
in question, the mean local magnitude of two of these stations was as much
as one unit less than the mean of the eight near stations first used to estimate
RAINIER's magnitude. When considering RAINIER in the summer of 1958,
the Conference of Experts did not have data from the three stations; by
including them, the average magnitude was made just over 4. In retrospect,
it does seem extraordinary that we fell into the trap, especially when you
remember that seismic magnitude —an empirical number without theoretical
basis—in some quarters is not regarded as a respeciabie research activity



22 Forensic Seismology

for seismologists. We did what every medical student is taught to avoid—
we were persuaded to appear as witnesses to testify about what we did
not know.

Sadly, there are several other instances of our inexperience in these
early days. One eminent physicist seriously argued the feasibility of muffl-
ing seismic signals from a megaton of nuclear explosives. The same man
claimed it would need the most powerful computers of the day (the IBM
“Stretch’’) to process the UK delay-and-sum arrays. A well-known (though
less eminent) seismologist advocated using complexity differences to
discriminate between earthquake and explosion seismograms.

In retrospect again, the latter is another example of a witness testify-
ing about what he does not know. The criterion was founded on data record-
ed by the first large array of seismometers between Laramie and Cheyenne
on the Pole Mountain granite of Wyoming. The P-wave trains of some 90
percent of earthquakes recorded there spread over a significantly greater
time thar those of explosions. Earthquakes were said to be more “com-
plex’’ than explosions and the ‘‘complexity criterion’’ was nvented. From
the accepted notions of the two source mechanisms, there were plausible
reasons why earthquakes should generate more complex wave trains than
explosions. At first, these were not matched quantitatively when modeled
and when the first large underground explosion in the Lower Palaeozic struc-
ture of Novaya Zemlya generated relatively complex P-wave trains at North
American stations, the criterion was destroyed.

Subsequent explosions at many places have thrown some light on what
it was we did not know at the timne: it is not the source mechanisms but
the structures underlying seismographs and/or distant sources that are the
principal reasons for complex short-period explosion seismograms.

The questions raised by this conclusion have been studied in detail.
It turns out that abnormally long P-wave trains from distant events are struc-
tured by differences in phase velocity and frequency as well as amplitude;
discrete signals were identified, and phase velocities and travel times assigned
to them. The simplest explanation of the data is that the P-wave scattered
below the source and/or seismograph; P-waves following a single path of
low absorption throughout their travel arrive as simple high frequency, large
amplitude pulses. Kazakh to Pole Mountain is such a path, Novaya Zemlya
to North America is not. In general, maximum absorption, low m, and com-
plexity is observed on paths between recent fold structures.

Paths between Shields or sometimes between ancient fold mountain
structures, for example that of Kazakh to Uppsala, are paths of minimum
absorption and complexity. This is the reason for the exaggerated yields
Uppsala Observatory pub“shed of explosions in Kazakh. When these ideas
are incorporated in computer codes the model predicts basic features of
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a seismogram given the Q structures of source and receptor areas.
A useful contribution to the world wide values of local @ is the correlation
with P, velocities predicted by Marshall and Springer.

It is worth noting that studies of explosions in ‘‘normal’’ areas of the
earth were responsible for these advances in the understanding of forensic
seismology. Earthquakes make poor sources not only because of the uncer-
tainties about their source mechanism, to which we formerly ascribed
magnitude and complexity anomalies, but also for the reason they occur
in anomalous and restricted areas of the earth. Many ideas about the Up-
per Mantle have their basis in seismograms of events occurring in seismic
zones and, what is more, are recorded by stations which by and large are
sited in or near such zones: the relatively old and stable interiors of con-
tinents are thinly populated by seismographs. In contrast, the greater pro-
portion of the data of forensic seismology are from sources in many dif-
ferent aseismic areas recorded by seismographs on shields on which the
UK arrays are sited.

Meanwhile rapid advances were made in the development of long-period
seismometers. The use of spring materials with nearly zero temperature
and creep coefficients, which were developed for the oil industry’s gravity
meters, and the appreciation that much of the ambient long-pericd noise
was due to small fluctuations of the ambient pressure, was largely r.spon-
sible for the order-of-magnitude increase in the gain at which long-period
seismometers can now be operated. This means that surface waves, in
particular Rayleigh waves, of small seismic events can now be recorded
at great distances. This has advantages for estimating yields and the record-
ings have also provided data which seem to confirm early intuitive ideas,
and later theoretical studies, that there is a fundamental difference between
the two sources in the ratio of the P-wave/Rayleigh wave spectrum. The
literature of this period is sprinkled with the scatter diagrams of P-wave
vs. Rayleigh magnitudes, and they generally demonstrate two well-defined
populations—one of explosions, the other of earthquakes.

For the first time, these observations provided the basis of a criterion
which allowed explosions to be identified and to dispense with the primitive
procedures leading to a residue of unidentified earthquakes or explosions,
and perhaps even with on-site inspections. Sir Solly (now Lord) Zucker-
mann, then Chief Scientific Adviser to the Prime Minister, decided that
the results sufficiently advanced the powers of forensic seismology to justify
re-opening negotiations to agree a treaty to ban testing of nuclear warheads.
To this end he persuaded Professors Millionchekov, Emalyanov and Art-
simovich, supported by Dr. Keilis-Borok, to meet him, Dr. Bob Press and
myself in the Soviet Academy of Science, Moscow, during a week in
September, 1966. He succeeded in his purpose of convincing his Soviet
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colleagues that the results deserved an initiative. Sadly, when the UK Foreign
Secretary of the time met Mr. Gromyko shortly afterwards, the latter did
not agree to approach the USA with a joint proposal to re-open formal
negotiations.

The criterion remains one of the most powerful of forensic tools given
that the technical difficulty of detecting Rayleigh waves is solved by siting
stations within 1000 km of sources. Together with many other data, which
have been presented as working papers to the political forum of the Con-
ference of the Committee on Disarmament, it has been informally discuss-
ed and explained by seismologists to the delegates. The Committee has
met in Geneva each year since March, 1962, when an initiative by the Soviet
Union and United States to resume general disarmament talks (which had
ceased with the technical working groups in January, 1962) was endorsed
by the General Assembly of the United Nations. In those days, it was the
Eighteen Nation Committee on Disarmament. It was enlarged in 1969 and
changed its name, It reports progress each year to the United Nations and
several of the disarmament measures now in force are due, in some degree,
to its labours,

In recent years, an ‘‘Ad hoc working group of scientific experts’’ has
been recognised by the committee and has succeeded in designing ex-
periments having the object of testing the geperal validity of forensic methods
developed nationally. At the same time, confidence in these advances led
to serious negotiations between UK, USA and USSR which attempted to
translate them into treaty language. Agresiuents on international exchange
of data, siting of national stations in the Soviet Union and USA (but not
unfortunately so far, in UK territories) and on-site inspection of otherwise
unverified seismic sources were agreed at least in principle. There remains
the ways and means of transmitting and processing the enormous quantity
of data (for which recent developments are demonstrating the solutions)
and of establishing the format of the jury to which seismologists would “‘give
their opinion in the best manner they can...upon the whole of the symp-
toms described.”’

Alas, progress was too fast and these negotiations are adjourned to
allow some participants to catch their breath. Perhaps forensic seismologists
have come of age. Certainly we have learned from the bruising I described
when I gave the 10th Anniversary Lecture in honour of Sir Harold Jeffreys
on 8 December, 1972, in London. I feel equally privileged to be invited
to give it, slightly modified, for the second (and certainly the last) time at
the 25th Anniversary of the VELA Uniform program in Santa Fe, a pro-
gram with which my own group has the honour to cooperate and which
has blessed me with life-long friends and many after dinner tales.
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Technical Issues Related to
Test Ban Treaties

Edward Giller

There are certainly a lot of old friends in the audience today and I hope
they will bear with me as I am going to talk about CTB—or nuclear testing
in general, CTB is a classic example, I think, of a concept that, on the sur-
face, sounded beneficial or useful and simple to implement. However, after
some 30 years now we have been trying to do this and it has involved several
serious attempts. ] was involved in the recent one. We now understand,
really for the first time, the scientific and political complexity inherent in
this idea. With the advantage of hindsight we can see more clearly those
technical areas that we should have examined before we entered into these
negotiations, but we all know that it is impossible to foresee all the technical
issues. Therefore, continuous technical support, which Hal spoke a lot about
earlier, is necessary for any negotiation and has the attendant possibility
of dramatically changing the outcome. I am going to ask the experts in the
audience—there are at least ten or twelve here who have had years of ex-
perience in this general subject—to bear with me on some of my details
because I am trying to draw a broader picture. I am going to try to do
it by drawing on a chronology of nuclear testing to bring in the political,
military, and the scientific or engineering aspects of how they relate to policy
formulation. Because of all these experts in the room, I feel a little like
the fellow in the story of the Jamestown flood.

Now for our visitors, Jamestown, Pennsylvania, at the turn of the cen-
tury, had a dam break above the town and wipe out a very large percent-
age of the people, There were some survivors of course. However, one
gentleman who survived it had a very dramatic experience as you might
expect. He was always telling the story of the flood and how bad things
were and how dramatic his survival. He told it to all the natives that were
left until they got tired of hearing it. Also every time some tourist came
through town and stopped to read the sign, he would be there to tell them
about the flood and he became the town bore. Eventually, he passed on
and came to the pearly gates whereupon St. Peter said, ‘‘We have a rule
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up here—a practice—you get fifteen minutes on the stage to explain one
item in your life that is most interesting'’. His eyes lit up and he said,
“Great! I'll tell them about all the details of this great Jamestown flood
that I was in.’’ St. Peter said, ‘’Just remember, Noah's in the audience.”
So, I have fifteen or twenty Noahs out there at least. If they complain I'm
going to bring them up here on stage afterwards and you can question them
directly.

The concept of outlawing nuclear weapons goes way back to right after
World War II with the Barauch plan in 1946, which was a broad approach
to the problem—very broad. The U.S. proposed to outlaw weapons, put
them under international control—the U.N, Even then intrusive verifica-
tion was realized as a major problem, which was to be viewed mainly in
a world political context. Between 1946 and 1954, there was a lot of em-
phasis on general sweeping disarmament proposals. They came from every
corner of the globe—mostly into the U.N. but also in a bilateral, trilateral
forum. These proposals didn't fit with each other and they didn’t go
anywhere as history tells us. But in 1954 the U.S. exploded its biggest-
ever nuclear test in the Pacific called BRAVO, about 15 megatons. It was
from that that the famous fallout sequence took place on a Japanese ship
and on the islands which completely surprised the test managers. It created
a major uproar— nationally and internationally. Radioactive fallout, concern
for which up to this time had not really been seriously voiced publicly, rais-
ed the whole question of radiobiology, and exposure of man to radiation
hegan to take on a more political drive. Between 1954 and 1957 there was
a lot of discussion about the hazards of testing but it wasn"t until 1957 that
various ideas for a true comprehensive test ban—CTB I'll call it—emerged.
During this period the USSR proposed a two- to three-year moratorium
on testing, including an international commission. This included a number
of in-country stations for atmospheric sampling. Many were worried about
the atmospheric testing and its fallout; therefore, sampling was to be the
main verification activity. The engineer now enters the picture in the form
of Gerry Johnson, who is in the audience, among others. It was decided to
test underground due to the political pressure against atmospheric bursts.
We fired the first underground shot, RAINIER, in Nevada. The AEC dug
back into the cavity and there is a famous picture of Gerry standing and
staring at the walls of this radioactive cavity. I don’t know how long he
stayed, maybe he left in a hurry. You can see where this type of testing
changed the verification problem rather dramatically, ¢.e., going from at-
mospheric sampling to the underground problem of seismic measurements.
Currently in the U.S., seen on television programs on Monday and Tues-
day nights in the Washington area, is a subject called T.V. Bloopers. These
are T.V, takes never seen on the regular screen, either commerdials or



28 Technical Issues Related to Nuclear Test Ban Treaties

programs, during which they make terrible, but funny, wistakes which re-
quire retakes. If you have ever seen any movies of the early days of flying
where the wings fell off of the plane or an airplane ran in circles (some
had really weird designs) you would appreciate a short T.V. Blooper, well
movie actually, of some of Gerry's earliest experiences.

I should not put all the blame on him, however. In one instance in the
early days of trying to figure out how to contain a nuclear test, they drilled
a tunnel horizontally into a mountain, and then at the end of the turmel made
a little loop. They put the bomb in the loop, sealed it off, and two miles
away put their cameras, with a place for people to stand and observe from
three or four miles away. The world’s biggest blunderbuss followed.
Everything came shooting out of this mountain—it shows a 3-foot-diameter
boulder coming right for the camera—but it didn’t show what happened
to the sightseers. They may have run for cover. There are a series of such
movies which are really interesting to see and I hope some day we can
put them together in the proper context and show them. Anyway,
underground testing radically changed the course of CTB verification. In
1958, the first conference of experts, which was convened for which Hal
gave you a short title. I am always intrigued by its full formal title, ‘The
Conference of Experts to Study the Possibility of Detecting Violations of
a Possible Agreement on Suspension of Nuclear Tests*, It surely was written
by the Russians as it's the classical way Russians describe things. This
was the first meeting of experts to try and see if there was some way to
detect violations. In other words, everything centered on verification. They
proposed 180 stations that Hal mentioned with about forty people each.
Gosh, what a career could have come cut of this organization; ships
worldwide and aircraft, as well as in-country activities. This is the first time
we thought about verification supported by a worldwide network of detec-
tors. They thought they could detect one kt atmospheric—this would be
from fallout—and detect and identify 5 kt underground. But this would leave
20 to 100 uncertain events per year in the Soviet Union. Maybe you would
need an OSI (on-site inspection). Certain experiments in the HARDTACK
Series, which Hal explained, raised the detection level to 20 kt, not 5.

During this period, the so-called black box concept was bom. This is
the use of unmanned, unattended remote measuring and data recording
equipment, perhaps including some form of transmission of the data, for
the purpose of verification. It was during this period that the concept of
‘Decoupling’ entered the picture. I think it was Al Latter who first con-
ceived the idea. Decoupling, as you may know, involves firing a weapon
or device in a large cavity which can be made in salt. This will muffie the
seismic signal by a factor of 20, 50, or 100. Thus was born the first so-
calied ‘‘evasion concept’’. This is one way to evade detection by reducing
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the signal level. Several others were invented later, including the simula-
tion of an earthquake or by firing during a large natural earthquake. It would
be necessary to wait for a big, #.e. Richter 7, 7.2 earthquake to come along
and then fire so that the signal looks like an aftershock. As a practical mat-
ter, I would hate to be in charge of the operation, sitting there year after
year waiting for the right earthquake in the right place to come along and
hoping it didn't explode before it was time, and that it would go off at the
intended time, However, the evasion scenarios do interact with the political
aspects of any treaty. It was during this period that the U.S. and USSR
agreed to a moratorium with the UK. During this period of time there was

a strong national will in favor of a treaty. If you read Seabory’s book, Ken-
nedy, Krushchev, and the Test Ban, you will see that Seaborg, who was
head of the AEC, does a very careful job describing the intentions of the
various political figures in the U.S., UK and Russia. There were severe

verification problems then. Also, there had been little thought given to the
national security implication of the CTB. I think, in spite of what Hal says,
there was more national will during that period than you are going to see
again for a long time. National will? I don’t know what it means in the con-
text of treaty writing. It seems to be a phrase people use to say “‘let’s
get an with finishing our negotiation even if it means setting aside impor-
tant concerns’’. It"s an emotional political statement which I think has little
meaning. If there ever was a time for national will for a CTB, it existed
during that period. I think Hal will agree with me on that. I wasn't involved
then but I get this impression from reading Seaborg’s book.

In 1961 the moratorium was broken by the Soviets. However, it is
true that the U.S. had previously announced that we would no longer be
bound by it. The Soviets fired after a very short notice, perhaps 24 or 48
hours. I don't remember if the first one was the biggest but in that series
they fired a 50 Mt dropped from an airplane—I'm glad 1 wasn't the pilot.
And it seems clear that for a year or more they had been buying and building
hardware because you cannot put together a test series in less than a year;
there is a lead time for everything, such as, the measuring equipment, the
bomb itself and the necessary practice. To show you how the U.S. reacted,
and we still do under similar circumstances, we forbid Los Alamos to buy
coax cable during this period because it might s’gnal an intent to test. That
is the difference between the two countries’ approach to that situation. Dur-
ing all that time, Seaboryg writes, there were at least 200 meetings of the
Geneva delegates that kept going on, but slowly ran down because it was
clear that it wasn’t going to accomplish much. They were still meeting while
these tests were being conducted. The political side had run down, it was
unproductive then and agamn in 1979-1980. Out of this grew the Limited
Test Ban Treaty. This is the treaty which restricts explosions in all
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environments except underground, i.e., underwater, in the atmosphere,
and in space.

Underground testing would be permitted, however no debris shal. be
permitted to escape the boundaries of the state conducting the event. The
meterologists and the people who build ge.ger counters now enter the pic-
ture. Every time a geiger counter improves by another factor of 10 in sen-
sitivity, the debris can be measured at greater distances. The U.S. fired
a peaceful nuclear explosion from which all the American debris went up
to the Canadian border and stopped-—it didn't go across the border. The
Soviets didn't quite accept that but they weren’t doing any better then and
they certainly aren’t today. Buried in that treaty language is a lesson in-
volving a technical point, i.e., the treaty uses the word *‘debris’’ and leaves
it at that. The Soviets interpret this to mean particulate, not gaseous, mat-
ter which must not escape the boundary. The Americans insist that their
interpretation means both particulate and gaseous debris. As a result, we
have written each other letters over the last twenty years, claiming that
the other has violated this part of the treaty. It was an ambiguous point
which was left for later interpretation. I have been told that it was known
at the time and it was decided to leave it that way. Not much happened
on CTB or nuclear testing until 1970 when the non-prolife: ation treaty came
into force with a CTB included in its preamble. Preambles of treaties often
contain broad promises of things to come--usually in the indefinite future.
The operational sections of treaties contain the activities to which you are
legally bound. This has created a rather interesting debate over the NPT
preamble which promises to make the attempt to find a complete ban on
all nuclear tests. The Soviets, to a certain extent, numerous delegations
in Geneva, and some people associated with the various ‘‘Ban the Bomb™’
organizations in the United States, insist that the preamble is legally bind-
ing on the United States and therefore we are in violation of the nonprolifera-
tion treaty. Every five years there is a review conference of the nonprolifera-
tion treaty by all the signatories. There are about 135 or 140 members
which makes it one of the largest treaties. It will have its third review next
year. Already there is a lot of concern that since the CTB negotiations are
dormant, this lack of progress will impact very negatively on the nonprolifera-
tion treaty review. However, they said that five years ago and nobody
withdrew from the treaty. I don’t know what will happen this time. The
NPT Treaty also contains an Article 6 which is an operative paragraph which
has to do with disarmament. It says that the super powers shall find ways
to reduce their nuclear armaments. This is a second item which will be
used to critique the nonperformance of the super powers at the NPT review.

The U.S. is predicting a major international discussion of these two
sections when the NPT comes up for review next summer. I'm going to
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digress for a moment on this point. It is said that one reason for a CTB
is that it will assist the NPT in controlling proliferation. Most of the coun-
tries which cause us concern over proliferation and have not signed the
NPT have a major national security problem in their region. This administra-
tion has said that it is more important to support the national security of
these countries than it is to try to prevent them from getting their hands
on some technology which might lead to building a bomb. There is a general
agreement that a simple, reliable and certainly large enough for its purpose
weapon can be built without testing providing you have the materials. There
is a debate about whether CTB really contributes to non-proliferation. It
has been said in the 40 nations CD (Conference on Disarmament) that meets
every year in Geneva that those who think the NPT is discriminatory can
sign the CTB and thereby meet their commitment to nonproliferation. That's
the worst logic I've heard. The NPT requires full-scope safeguards, which
means nuclear facilities shall be opened to international safeguards inspec-
tions by the JAEA (the International Atomic Energy Agency in Vienna).
The CTB treaty does not require such inspections and therefore you could
sign up for CTB, build your bomb, and still get your international seal of
approval. That isn't what you want; you want them to sign the NPT which
requires an inspection, which will be as much of a deterrent as possible.

The threshold test ban treaty was signed after a very short negotia-
tion period in 1974. It has a technical annex that requires the exchange
of considerable geophysical data, which brings your profession to the front
to tell us what it is we should ask for. The TTBT contains a problem, not
in the preamble, but in Article 1 which states that the parties to the treaties
shall continue their negotiations toward the end of a CTB. This would be
legally binding, however, our lawyers indicate that it doesn’t tell you when
to move forward. There is another problem in that the treaty calls for each
side to furnish the other with calibration data of the yield of a pair of ex-
plosive devices, which is spelled out in some detail, to be conducted in
designated high-yield weapons testing areas. It doesn’t provide any way
to verify that they gave you the right yield.

The TTBT is on the middle burner right now. This administration has
decided that the accuracy which we accepted in 1974 is insufficient, ..,
plus or minus a factor of 2 in yield. Which means that if the central value
from our national seismic net is 200 kt, the true yield is between 100 and
400. A simple multiply by or divide by 2 is the kind of layman’s language
we need in Washington. What the Soviets have done is consistent with their
exceeding the treaty limit and consistent with not exceeding this treaty.
This administration has decided that we should tighten up this uncertainty,
perhaps by finding some way to get some calibration data that has meaning
and to get better geophysical data or better calibration of the seismic nets.
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This would require discussion and renegotiating, io provide more technical
data of some consequence. Hal’s example of his scientific discussions with
the Soviets 15 years ago reminds us they will have to be very careful,
because if they came to a conclusion that the data they might give to the
U.S. shows that they were cheating, they are not going to agree to pro-
viding such data.

If the U.S. says yes, the correct data does show that you have been
cheating, you could imagine what kind of a long-term discussion that would
be. However, the Soviets have refused to come to the table at all, which
may be the best solution of the problem for the moment. This situation
ilustrates hov; the political perception of what’s adequate verification for
one treaty sets precedent for the next treaty. TTBT only took a few months
to negotiate once we decided to do it and it was agreed that 150 kilotons
would be the limit. However, the Soviets had a large peaceful nuclear ex-
plosion program by which they hoped to dig a large canal which was to
move the water from a north-flowing river to the south; sounds like Califor-
nia's version of rerouting the Columbia River. They had to cut through a
few mountain ranges, which they were going to do with nuclear explosives,
and they wanted some way around the limit of 150 kilotons. The Peaceful
Nuclear Explosions Treaty, which Warren Hechrotte helped to write in
Moscow, was probably the most complicated technical treaty we have ever
negotiated. It discusses considerable technical detail, including much geo-
physical data, and a complicated operational plan. As an example, taking
pictures in the Soviet Union is a sensitive subject. Therefore, in order to
get an agreement they would take the pictures with a double-lens polaroid
camera and two pictures would come out with each side getting one, but
we were never allowed to hold the camera. The question of measuring the
yield of these large peaceful explosions which could be fired concurrently
arose, thereupon a hydrodynamic-yield measuring scheme was put on the
table for the Soviets. This involves using a coaxial cable it gives you a time
vs. length history of the crushed cable which is related to the yield as long
as the emplacement geometry is good without any big voids. Also, local
seismic nets were going to be needed in the area to measure other special
seismic phenomenon. As you can see, a lot of our specialties were involv-
ed there. From a political standpoint, we had a problem with the equip-
ment required to make all of these measurements. Since the Soviets were
sure that some of our equipment might be bugged, we agreed to bring two
trailers so they could take one home and examine it while we used the
other one, That's expensive. Anyway, the two treaties were signed and
sent to the Senate for a hearing in the fall of 1976 and later they were set
aside so as not to interfere with work on CTB when the Carter administration
came in. They have been signed but never ratified, a point the Soviets keep
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pressuring us on.

In the spring of 1977 I was involved in the president’s review meimoran-
dum study which made it clear that we were going to attempt a negotia-
tion. Some of us felt it was slightly steam-rollered, however. A review was
put together which said yes in principal, that we could find some form of
verification and here were some ideas, therefore a decision was made to
start a negotiation. In the summer of 1977, the U.S. and the USSR met
first and in the fall the UK joined us for all subsequent discussions. The
U.S. and USSR started the treaty negotiations with two different views
of the principal issues, however, the U.S. and the UK were basically in
agreement on most parts. For us the duration was to be unlimited with
a five year review and would continue unless it is decided to stop. The
USSR wanted it to be 3 years and it would continue depending on joining
by others, which meant France and China. They were not part of the negotia-
tions and everyone felt that France and China would not join; therefore,
some of us felt that the Soviets were asking for a 3 year moratorium with
a legal way of walking out which the U.S. would not buy. We spent a lot
of time that first fall arguing about the military benefits of peaceful nuclear
explosions. There are two forms of benefits; one in the infrastructure; t.e.,
your test and theoretical personnel, as well as your whole-laboratory struc-
ture, would have real experiments to do. There is something meaningful
there to keep them gning. Most of you know what it means to have ex-
periments for your science. Well, the same is true of weapon design per-
sonnel. We felt that since we had no PNE program in the United States,
as it had died a natural death from economic and environmental reasons,
therefore, we could not agree to the Soviets being able to keep up their
infrastructure and laboratory confidence. Secondly, the devices could con-
tain within themselves technical experiments known only to the Soviets.
However, some people ask why don’t you open the device and examine
it. A physical examination doesn’t really tell you what’s in a nuclear weapon,
you have to find the scientist that did the original drawings. There really
wasn't any given in the U.S. position and the Soviets finally understood
it, so that in November they agreed on a moratorium on PNE’s which would
run as long as the treaty, provided we would agree to separate negotia-
tions on finding a means to solve the PNE problem. We told them there
was no solution but they said okay; we will agree anyway. Concerning on-
site inspections, the U.S. wanted them to be mandatory; the Soviets wanted
them voluntary. The question of seismic stations, numbers, kinds, loca-
tions, were at that point fairly open on both sides.

By December 1977, we came up with a couple of other problems. the
first involved the question of so called ‘‘permitted experiments’’ or ‘‘what
is the definition of a nuclear test?’’ This definition has eluded physicists,
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lawyers, and politicians ever since it was first discussed. Any definition will
be completely arbitrary. Remember, this is a multinational treaty; so define
an experiment that doesn't legalize the other 150 nations to do something
you don’t want them to, however that you want to do yourself. What wor-
ried us most was what the U.S. ‘would be permitted to do, rather than
what it was the Soviets could do as we had no way of monitoring very small
explosions.

The question of verifying large chemical explosions arose. The Soviets
use very large chemical explosions (about a kiloton or larger) mostly for
mining and we were concerned about the verification aspects of these. On
the political side we decided to provide the treaty with two tracks— same
as the CW (Chemical Warfare) treaty. Namely, a multinational treaty with
arrangements for any parties to make private arrangements for extra verifica-
tion measurements. We were also working on a three-sided arrangement
with the Soviets and the UK. We now began a discussion on the question
of the number of seismic stations, data retrieval and authentication. The
signal coming from the stations would not be encrypted but authenticated.
We started working groups at this point, which changed Hechrotte’s life

- as he became chairman of the technical group, which continued for two
years with endless discussions on various subjects. We also came up with
the concept of the international seismic data exchange system which would
be a worldwide open system for everybody. Whatever else that we would
negotiate with the Soviets would be separate—it could be complementary,
too, but it would be separate. The Soviets reminded us from time-to-time,
as they still do today, that national technical means, s.e., our own seismic
nat plus ISDE, were really all that was necessary for verification of a trea-
ty. In the Soviet view on-site inspection was a political necessity only to
the U.S.—they said we really don’t need to do this, but we understand
it’s politically necessary. In January 1978, the U.S. shifted to vohmtary OSI's.
The Soviets then said that all these national seismic stations (NSS) had to
be nationally manned. We were considering manning the stations interna-
tionally or bilaterally but they said no, it would be our own people. War-
ren’s working group on OSI's were beginning to draw on the PNE treaty
details for the rights of inspectors. The Soviets concern over black boxes
came up constantly. Another interesting question arose; namely if you want
to make an on-site request, it was agreed you would have to have some
reason—you couldn’t just say you would like to go. They were insisting
that seismic data must be included.

They said no spy stories from the Washington Post it must include
seismic data, however, we insisted it could be data from anywhere. These
discussions highlight another Soviet way of doing business, which was to
leave all these details on the on-site inspection activities to a joint consultive
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commission that would work them out later, There is a counterpart to this
idea in the Standing Consultive Commission for the ABM and SALT I
treaties. The U.S. believes it is necessary to get most of the details
worked out before the treaty is signed because it is tough going after that
tu ask for something that requires them to give very much.

In the summer of 1978, we finally came to understand the national
security consequences of a CTB. Notice I haven't said anything about them
until now. That is because they really weren’t well understood. During the
first year and a half of the negotiations, the weapons labs began to face
the question of what would happen if we actually implemented a full CTB
with no testing. They pointed out that inevitably you would lose confidence
in the reliability of the nuclear stockpile. Can you imagine the reaction of
the military who say, ‘‘Look, we break our backs to make the rockets work,
the communications work, the targeting work, and you want us to agree
that its alright to not be sure the weapon is going to work’’? As you can
see, this idea is not conducive to support by the armed forces. There en-
sued a debate in the U.S. over whether you can ensure reliability without
testing. There are several letters to the President from weapons experts
which said yes, and others from the lab directors, as well as other
knowledgeable people, who said no, which was persuasive to the political
authority in Washington. Therefore, the U.S. shifted to a fixed five-year
treaty with the possibility of testing afterwards. You can understand what
this might do to the nonproliferation regime if countries signed up for only
five years. In my view this completely negates any nonproliferation benefits.
There is no middle ground for this treaty. It's either black or white; you
can’t have it both ways even though we tried. We also tried to define a
criteria for high explosives, 1.e., what is a reasonable size and rate of fire
for high explosives activities that would require verification provisions. This
is another example of political/technical interaction.

By this time, we had gotten to the point where we were trying to get
the Soviets interested in the U.S. design of the NSS stations which Sandia
Corporation had under development. Paul Stokes, who is in the audience
today, came to Geneva and over a period of three or four days gave an
extremely detailed set of briefings with stacks of documents to the Soviets.
We then proposed a total of 15 single borehole stations, with a later upgrade
to mclude arrays. Based on this number we gave them a layout in the Soviet
Union based on assumed noise levels, which meant you had to eventually
find out if the noise levels were correct. By this time, the U.S. proposed
a three year treaty based on our concern for national security. It isn’t well-
known, but the U.S. has had stockpile failures, the most important being
connected with the submarine fleet. People believe that if you have degrada-
tion in the stockpile, it will affect all systems. Not so. It’s generic to only
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one system, You can lose 50% of a system over a short interval of time,
however you don’t necessarily lose any other system. You don’t have an
overall degradation, rather you have a specific warhead degradation and
that’s important to understand, because if it’s a strategic deterrent system
like the submarine that is very important.

Returning to the question of monitoring chemical explosions, the Soviet
Union, which utilizes chemical explosions in many government departments,
stated they would have to create a new bureau; therefore, they were not
interested in talking about verifying chemicals explosions. When the U.S.
proposed ten stations in the Soviet Union in conjunction with a three year
treaty the USSR said they would accept ten in the Soviet Union, ten in
the U.S. and of course ten in the UK and their territories. Their position
created a serious impasse. We had predicted that they wouldn’t ask for
any stations in the UK however, maybe one, not ten. After much considera-
tion the UK, with U.S. support, agreed to accept only one. The Soviets
then picked ten locations, several of which are no longer under UK con-
trol. They indicated that if we didn’t want to agree to 10-10-10, then any
other set of equal numbers would be of interest. They said equal participa-
tion required equal responsibilities. The Soviets also indicated they were
not going to use any U.S. manufactured NSS’s and would not discuss them
in any detail until the British changed their position. The U.S. and UK viewed
the Soviet position as pure politics with no technical justification.

The Soviets came to the U.S. in the summer of 1979 and spent a week
with us. We took them to the operating seismic station at Tullahoma, Ten-
nessee, then to Albuquerque where they spent 2 or 3 days with the Sandia
Corporation to discuss in detail the NSS. This was followed by a visit to
the Boston area and Alexandria, Virginia, fo discuss data handling. Several
discussions were held in Geneva concerning a possible joint cooperative
program involving one of these NSS stations. The So:ets indicated a desire
to purchase 2 sets of the main components of the NSS. However, that
really didn’t get anywliere becuuse of their invasion of Afghanistan and our
nonratification of SALT II. The negotiations were further influenced by the
upcoming U.S. election resulting in no further progress.

As you know, the current administration has not agreed to resurning
the trilateral negotiations even though the Soviets proposed them many
times. Our present position is that until we have a deep and verifiable reduc-
tions in deterrent forces, nuclear testing is too important for national security.
Also, there are several new carrier systems which require new warheads
which are needed to counterbalance the Soviet threat. Furthermore, the
safety and security of our device/weapons needs to be improved. There
are many ideas to make a weapon extremely safe from fire and crash mn
an accident; or safe from terrorism. To make this improvement will
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require rebuilding the primary which would require testing,

When the Limited Test Ban Treaty was ratified it was decided that
the U.S. would have a four point safe-guard program: (1) vigorous labs;
(2) vigorous underground testing; (3) standby testing capability for at-
mosphere; and {4) better verification. Number 4 is the source of much of
the money that was for support of seismological community for a better
understanding of detection and identification. There will have to be a counter-
part safeguard program for CTB. The question of how you keep a lab ac-
tive raised the issue of permitted experiments. Qur experience with prepara-
tion for resumption of atmospheric testing (item 3) is an example of what
happens to your budget when nothing is going on, it just disappears.
However, in this situation I think that seismic verification might get added
support. The U.S. government never did finish the CTB safeguard pro-
gram because the treaty didn’t get far enough along. The CTB safeguard
program would be a coilection of what is technically needed, and is politically
accepted. We had many debates about how the safeguard programs would
allow some permitted experiments. We considered the question of shut-
ting down the Nevada test site completely, because if we were to have
a drill rig running there, it might be a symbol of getting prepared to do
a test and break out of the treaty.

I have tried to show you how science and politics came together to
change the course of events during a treaty negotiation. This will apply
to almost every treaty we are doing including START, INF, and especially
a CW treaty which has the most difficult verification challenge I have ever
seen.
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VELA Overview: The Early Years of the
Seismic Research Program

Carl F. Rom»ney

On April 23, 1959, the President’s Special Assistant for Scierce and
Technology, Dr. Killian, met with Atomic Energy Commission Chairman
McCone and Deputy Secretary of Defense Quarles to discuss the recom-
mendations of the Berkner Panel (on seismic improvement) and the
Panofsky Panel (on detection of high altitude nuclear explosions). At this
meeting it was decided to implement the programs of research recom-
mended by these panels for improving national capabilities to detect and
identify foreign nuclear explosions conducted in the two difficult en-
vironments. The Department of Defense was assigned the primary
responsibility for these national efforts, with support to be provided by
the AEC and NASA. This was the key decision of 25 years ago that laun-
ched the ““VELA Program’’, as it was named when the Secretary of
Defense assigned responsibility to the Advanced Research Projects
Agency,

The problems that set the initial directions for the program had their
foundations in technical and international political events that occurred
prior to 1959. Similarly, the subsequent course of the program was in-
fluenced by political developments — especially those associated with
negotiations for nuclear test ban treaties — as well as by technical
developments within the research program. I plan to recount some of
those developments and events that were important in shaping the course
of the VELA seismic program or its output of advice to policy levels of
the government. These developments will often not be those that might
be selected as the major technical highlights as gleaned from the technical
journal literature, but rather reflect a view from within the government
of some of the things that seemed to be important at the time. Because
of the size and diversity of the program and the limited time available,
I will be able to present only a few examples of the work that went on.
Most of what I will cover has been taken from the official records and
archives and from collections of technical documents that [ assembled
from time to time because they were useful reference materials in ex-
plaining the research (and justifying the budget) or advising policy-makers
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associated with test ban treaty negotiations on capabilities and limitations
of seismic methods.

1 will concentrate on the early phases of the VELA seismic program
with the expectation that these parts are least familiar to most of the
audience, and that the topical state-of-the-art reports to follow will bring
the main technical threads of the program up to date. Table 1 provides
a chronology of some of the key events that led to the establishment
of the research program.

Background

Early test ban discussions. Fundamental differences between the
Soviet Union and the United States on verification of a possible nuclear
test ban treaty were clearly evident as early as 1955-1956. U.S. pro-
posals for a test ban included provisions for monitoring such a treaty.
The Soviets, on the other hand, asserted that it was ‘‘possible to detect
any explosion wherever it may be set off’'* and consequently there was
no need for special verification measures.

While this was probably an accurate perspective from the point of
view of a closed society looking at an open society, the reverse was nct
true and prudence indicated that the U.S. would require highly sophisti-
cated technical monitoring means to give it even approximate parity with
the USSR's ability to monitor the U.S. from open sources.

RAINIER Explosion. Capabilities and Emitations of methods for
detecting atmospheric nuclear explosions were relatively well known and
tested by the mid to late 1950s. Little was known about underground

Table 1. Background

1955-1956 Early test ban talks foreshadow research need

Sept 1957 RAINIER explosion: technical start

Jul-Aug 1958 Geneva Conference of Experts

Aug-Sept 1958 Johnston Island, ARGUS high altitude tests — subsequent
Soviet tests

Qct 1958 HARDTACK II underground tests

Oct 31, 1958 Negotiations begin, moratorium on testing

oec 1658 Derkiner and Panoisky paieis funmed, repui coldasions
and recommendations in Mar 1859

Jan 1939 "“New Seismic Data’' (HARDTACK II) tabled in Geneva

Apr 23, 1959 Berkner, Panofsky research assigned to DoD

Sept 2, 1957 Assigned to ARPA, funded $9.6M

*Letter of September 11, 1956, from Premier Bulganin to President Eisenhower. Italics
added.
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and high altitude nuclear explosions. RAINIER, a 1.7 kiloton nuclear ex-
plosion in September 1957, produced the first direct experimental data
on underground nuclear explosions. It was detected at about %3 of the
seismic stations within 600 kilometers and at only three stations beyond
1000 kilometers. Its magnitude (M) was initially estimated as a 4.25
based on data from seven local stations eguipped with Wood-Anderson
seismographs. It looked like a normal earthquake (Fig. 1), with strong
SH waves (a phenomenon still poorly understood) and no apparent in-
dication of its explosive origin. RAINIER established that detection of
low yield underground nuclear explosions at long ranges could be dif-
ficult, and that identification could be an even more serious problem.

Geneva Conference of Experts. Eight months later, in July of 1958,
the ‘‘Conference of Experts’’ convened in Geneva to advise the govern-
ments of the eight participating nations on technical aspects of nuclear
test detection and identification. By the end of August, the ‘‘Experts’’
had discussed and agreed on observables from nuclear explosions in the
atmosphere, underground, and underwater. They defined apparatus for
detection, and described and outlined the capabilities of one specific net-
work of ‘“Control Posts’’ for consideration by governments (Table 2).
They did not propose the network for implementation, nor describe it
as adequate. Methods for monitoring high altitude and near-space ex-
plosions were left as unfinished business. Evasive testing methods were
not considered, by and large.

The RAINIER explosion played a large role in the experts’ delibera-
tions on monitoring underground explosions, as its specific applicability

RAINIER Seismic Waves
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Fig. 1. Seismic waves from the RAINIER explosion recorded at Tinemaka,
California, 180 km almost due west. Note large transverse motion.
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Table 2. Conference of Experts

Discussed detection methods and defined capabilities of a network of 170-180
Control Posts, 10 ships and aircraft debris sampling

Atmospheric Tests: 1 kt at (-10 km identified with good probability

Underwater Tests:  Detect 1 kt in deep open ocean; identification
sometimes impossible

High Altitude Tests {above 30 km): No conclusions; potential methods
outlined

Underground Tests: Most difficult; determines spacing of control
posts; 10 element SP arrays in 3-km area; 3
component LP, SP, BB seismographs; detect
(quiet sites) 1 kt under RAINIER coupling; iden-
tify 90% of quakes equivalent to 5 kt (first mo-
tion); on-site inspection may be required on
20-100 events per year; amplitude varies as %3
power of yield

and uniqueness justified. Its magnitude became the most important basis
for estimating the number of natural seismic events that would produce
signals of equivalent size, and that would have to be identified as earth-
quakes as part of the monitoring activity. Published formulas were used
to relate the local magnitude, M, (as measured from RAINIER), to the
teleseismically determined “‘unified magnitude,’’ m,, (as used for the
lower magnitude events in ‘‘Seismicity of the Earth,’’ the source of
seismicity data used by the U.S. delegation). These formulas implied that
m, > M Le

It was agreed on theoretical grounds that the seismic amplitudes from
explosions at other yields should vary as the %; power of the yield. Iden-
tification was to be based on the direction of first motion, and it was
estimated that a signal-to-noise ratio of two would be required. Other
potential identification methods were discussed, but there was insuffi-
cient information available to assess their applicability. It was agreed that
not all events could be identified, and that 20-100 events per year might
require on-site inspection, The fact that the Soviets had agreed to the
need for on-site inspections was widely hailed as a breakthrough,
establishing a precedent for other arms limitation agreements in the future.

Some members of the U.S. delegation had suggested that ‘‘decoupl-
ing’’ of underground explosions might be possible through packing rub-
ble around the explosive device. Further analysis showed that that specific
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method was flawed, however, and the U.S. presented a technical report
at the conference showing that the method would not work and casting
doubt on the general concept ¢f decoupling.

It was concluded that underground tests would be more difficult to
monitor than tests in other media and that seismic monitoring re-
quirements would largely determine the locations and numbers of *Control
Posts.”’ These were to be spaced at 1000 km intervals in seismic areas,
and at 1700 km intervals in aseismic areas. This was to insure that three
or so stations would be within F, range from most events, an/’ that ad-
ditional stations would be in the strong signal zone betw.:en about
1700-2500 km from the event where mantle P waves first emerge.

New Seismic Data. Two months later, well-calibrated seismic
stations were deployed in the U.S. to record the underground nuclear
explosions of the HARDTACK 1I series, which included two explosions
substantially larger than RAINIER. The resulting data placed test detection
seismology on a far firmer footing than had been the case at the time
of the Experts Conference, but the net result was to expose greater detec-
tion and identification problems than had been previously estimated. One
unexpected result was that the amplitudes of B, decreased as the cube
of the distance in the first 1000 km, implying greater detection difficulties
than anticipated at representative distances within the detection network
described by the Experts. The first motion decreased with distance even
more rapidly and was, therefore, smaller than expected relative to the
maximum amplitudes of B, at the greater distances. Apparent rarefac-
tions were observed. Long period Love waves were recorded as far away
as Resolute Bay from the larger explosions. While the short period S
waves could qualitatively be rationalized as resulting from scattering of
P, the existence of earthquake-like long period shear waves suggested
fundamental problems in seismic wave generation from explosions.

Two of the explosions, LOGAN and BLANCA, were large enough
to permit measurements of magnitude, m,, from directly observed
teleseismic P waves, and M; was measured at local stations. It was
found that m, = M, contrary to the published formulas used at the Ex-
perts Conference, as a basis for estimating the seismicity background
problem. The consequence was to reduce the estimated m, for a given
vield, and hence to increase the estimated numbers of equivalent earth-
quakes. Further, based on the average M; from the 10 stations equip-
ped with Wood Andersons that recorded the larger explosions, the relative
M; measurements at seven common stations indicated that the value
for RAINIER should be revised downward to M, = 4.1, This was the
first serious example of network magnitude bias caused by the usc of
only the larger (detectable) signals from events near enough to the detec-
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tion threshold that the full range of amplitudes was not sampled — a prob-
lem that continued to plague the VELA program, producing many
misleading results for many years. The predicted amplitude versus yield
relationship (A« Y %) was experimentally shown to be incorrect; the
observed first power relationship between amplitude and yield (Fig. 2)
implied that low vield tests would be more difficult to detect than previously
predicted. In short, detection of explosions would be more difficult than
anticipated; at a given yield the reduced magnitude implied that they would
be mixed in with more earthquakes than previously estimated; and the
principal known method for discriminating between earthquakes and ex-
plosions was less effective than anticipated by the Experts.

The Berkner Panel. One response to this information was a re-
guest by the Department of State to the Special Assistant to the Presi-
dent for Science and Technology, to review these conclusions and recom-
mend a course of action. Dr. Killian formed the Panel on Seismic Im-
provement as a result of this request. The Panel, chaired by Lloyd
Berkner:

* confirmed the HARDTACK II conclusions and endorsed them
as a better basis for treaty negotiation than the Experts’
conclusions;

» defined potential detection and identification methods that might
improve nuclear test monitoring capabilities (including the foun-
dation for the M:m, criterion);

¢ reviewed and confirmed recent work which indicated that a
nuclear explosion in a sufficiently large air-filled cavity would

Fig. 2. Normalized P wave
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be decoupled by a factor of 100 or more relative to a tamped
explosion like RAINIER;

* proposed a national program of research at about $25 million
annually to address these problems (see Table 4),

The Berkner Panel report was published on 31 March 1959, A
research charter was given to the Department of Defense as previously
mentioned, and mitial funding was made available to ARPA on 2 September
1959,

Early Effects of Test
Ban Negotiations on VELA

Technical Working Group II. Meanwhile, in Geneva, trilateral
negotiations (the U.K., U.S., USSR) on a comprehensive nuclear test
ban treaty were proceeding, and the negotiating countries had pledged
a moratorium on nuclear testing. The HARDTACK II data had been
presented by the U.S., and the USSR had refused to consider them within
the framework of the negotiations, stating that the report of the Experts’
Conference constituted the only technical basis for the treaty, The Soviets
finally realized that they must take the new data into consideration, and
consequently ‘‘Technical Working Group II''* was convened on 22
November 1959 under a charter from the test ban treaty conference to
report on ‘“the use of objective instrumental readings’’ for monitoring
a test ban treaty. See Table 3 for a chronology of events during this period.

Between 25 November and 18 December 1959, the TWG 1 scien-
tists of the three countries reviewed the HARDTACK 11 data (the 19 kt
BLANCA explosion, incidentally, had been detected at only three
stations inside the USSR, according to the Soviet reports). The decoupling
concept was presented, along with preliminary confirming experimental
data from the U.K, (the U.S. COWBOY experiment was too late to
affect the discussions — the first shot took place the day before TWG II
adjourned), and various seismic identification criteria were presented and
analyzed. No detailed agreements were reached, and each of the three
scientific delegations of TWG [I reported separately to the Conference.

However, it was clear that all recognized problems in discriminating
between earthquakes and explosions, that improvements beyond the
system described by the Conference of Experts were desirable, and that
the decoupling concept was sound in principle. The feasibility of conduct-
ing decoupled explosions was strongly questioned on engineering grounds
by the Soviets, and they also did not accept that the estimate of the

*Techmcal Working Group I had met in August to report on high altitude detection.
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Table 3. Events in Early VELA Period

Aug 1959 TWG 1 (h. alt.) report
Nov-Dec¢ 1959 TWG II (seismic) report
- HARDTACK I data
- Identification criteria
- Decoupling
- Improvements
Dec 1959 ORPHEUS, COWBOY decoupling tests
Mar 1960 Agreement on M 4.75 threshold
- Moratorium below M 4.75
- Research program
May 1960 Seismic Research Programme Advisory Group
- Summit meeting collapse, repudiation
Jun 1960 Soviets “‘consent”’ to U.S. research, veto power
Jul 1960 Soviets agree to 15 Control Posts in USSR

number of earthquakes equivalent to an explosion of given yield should
be revised upward as a result of the HARDTACK 11 data. The U.S. revi-
sion downward of the RAINIER magnitude estimate was a particularly
contentious issue, and elaborate arguments were presented by the Soviets
purporting to show that the teleseismic magnitudes of all shots were larger
than the U.S. interpretation implied. The failure to detect BLANCA,
m;, = 4.8 by the U.S. estimate, at more than three Soviet stations did
not seem to dampen these arguments. All parties agreed that, in princi-
ple, identification criteria based on focal depth and the occurrence of
foreshocks and aftershocks could be formulated, although specific iden-
tification criteria could not be agreed to at the time. .

In spite of the inability of the three nations to reach detailed technical
agreement, all understood that there were significant seismic verifica-
tion problems. This led to agreement in principle in March of 1960 to
a treaty providing for a magnitude 4.75 threshold on underground nuclear
testing, a moratorium on tests below that level, and a joint program of
research on detection and identification of underground explosions.

Seismic Research Programme Advisory Group. As a consequence
of the latter point, the ‘‘Seismic Research Programme Advisory Group’’
met in Geneva between 3 May and 30 May 1960. Scientists of the U.S.,
U.K. and USSR presented proposed programs of research, including
underground nuclear and chemical explosions. The developing VELA pro-
gram was described in detail, as were suggested programs by the other
countries. While Ambassador T'sarapkin had previously declared that the
USSR had no objection to a “‘strictly limited”’ number of underground
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nuclear explosions for research, the Soviet scientists made it clear that
none would be conducted by or on the territory of the USSR.

After several days of interaction and joint planning, the three scien-
tific groups were in essential agreement on a set of coordinated research
programs. As an example of the give-and-take that occurred, the Soviet
scientists criticized the U.S. explosion program for having too few mobile
seismic recording stations; the U.S. took this advice and the consequence
was that VELA's “’Long Range Seismic Measurements’’ (LRSM) pro-
gram increased the number of stations from 20 to 40. A report on the
coordinated programs reached an advanced draft stage, and there was
general optimism among the scientists that an important joint research
program would actually result from their recommendations. However,
as an aftermath of the recent collapse of the summit meeting (Eisenhower
and Khruschev) the Soviet scientists were abruptly instructed to
withdraw. They appealed unsuccessfully.

Two weeks later the conclusions and recommendations of the Soviet
scientists were repudiated by Ambassador Tsarapkin. He also ‘‘con-
sented”” to the U.S./U.K. research, but insisted that it must be agreed
to by the USSR. He served notice that the number and type of explo-
sions, and the manner in which they were conducted, must be approved
or the USSR would resume nuclear testing. Decoupling tests would be
vetoed.,

Early VELA Results

Initial goals. The VELA program, reshaped and sharpened as a
result of interaction with our scientific colleagues of the U.K. and USSR,
was off to a good start, with well-defined objectives and approaches.
Initial major goals were to lower the detection threshold, develop effec-
tive identification criteria, and develop on-site inspection techniques. The
third of these goals included an associated goal of improving seismic loca-
tion accuracy. The specific task organization and funding to meet these
goals are given in Table 4, which compares the Berkner Panel recom-
mendations with the ARPA program, as modified during the Seismic
Research Programme Advisory Group meetings, Details of the planned
explosion programs are shown in Table 5. A chronology of events that
influenced the program during this period is given in Table 6.

Fundamental research. Although the explosicn program and the
development of new detection and analysis systems were the major items
in the VELA underground program (Table 4), it was known from the
outset that a strong and sustained fundamental research program would
be required. The Berkner Panel was particularly clear on this point, noting
that the seismic monitoring problems that had been exposed stemmed
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Table 4. Research program (2 years)

Berkner AKPA
Panel (SPRAG)
30 March 1959 11 May 1960
World-Wide Standard $2250 K $ 337K
Seismological Network
Generation and propagation 8,700 K 8,550 K
of seismic waves
Detection methods 3,600 K 4,850 K
Systems development 13,200 K 10,050 K
Large nuclear and H.E. 24,000 K 45,000 K
detonations
On-site inspection - 210K
=$52,000 K = $74,500 K

from the lack of fundamental knowledge of seismic wave generation, pro-
pagation and detection — in short, the classical problem of seismology.
Consequently, even before the program was funded and assigned to
ARPA, AFTAC had notified the University community on the Berkner
Panel recommendations and the decision of DoD to implement the pro-
gram. Most of the major institutions involved in seismology had responded
with proposals and were provided with funds soon after the formal ad-
ministrative and management structure of VELA was established. The
increased funding available for seismology seeded and matured what
became a major expansion of seismology and a continuing source of new
ideas and new understanding of nuclear test detection and identification.

New seismic measurement capabilities. Much of the initial effort
under VELA went iito the construction and deployment of new seismic
measurement systems and networks. Perhaps the most notable of these
programs was the development of the Worldwide Standard Seismic Net-
work (WWSSN) — an ambitious program, well-executed by the U.S.
Coast and Geodetic Survey, for establishing 125 new high quality seismic
stations. Forty of these stations were operating by 1962, giving
seismologists the ability, for the first time, to study seismic events
recorded globally by calibrated instruments with common, known response
characteristics. Major effort was also going into development of a U.S.
network of ‘‘Geneva arrays’’ to experimentally test systems of the type
recommended by the Conference of Experts. Forty mobile recording
systems of the Long Range Seismic Measurements (LRSM) program
were rapidly constructed to keep pace with the largest VELA program
of ali: the explosion program (Table 5). Both the Geneva arrays and the
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LRSM systems included magnetic tape recording capability — a first on
such a scale. All of these seismic measurement systems were soon to
produce data providing greatly improved understanding of long range
seismic effects of explosions. But, with one exception, not from the ex-
plosion program as planned,

Texting resumes. On 30 August 1961 the USSR abruptly an-
nounced that it would no longer adhere to the moratorium on testing that
began 2t the start of the nuclear test ban treaty negotiations, and im-
mediately began the largest atmospheric nuclear weapons testing series
that had ever taken place. The U.S. responded with a token explosion
of its own two weeks later (ANTLER, an underground explosion of 2.6 kt,
15 Sept 1961), followed by other low yield underground tests leading
up to full scale testing during the next year. Underground testing also

Tahle 5. The DoD/AEC nuclear-chemical explosion program
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Table 6. Events in early VELA period

Aug 1961 Propose 3 0.5.1., veto powers
‘; Aug 30, 1961 Soviets resume nuclear testing
Dec 1961 GNOME, FISHER explosions
: Feh 1962 Semipalatinsk explosion
( . May 1962 Sahara explosion
' Jun 1862 Revised seismicity estimate for USSR
Dec 1962 Soviets propose 3 '‘black boxes,’”” quota
i 2.3 0.5.1.
Jul 1963 LTBT signed in Moscow
1 Safeguard D
{

. began in the USSR in October and, in November, France conducted its
first underground test in the Sahara. Data from these and especially the
larger nuclear explosions that followed, as recorded by the new seismic
systems, were prompt and dramatic.
GNOME. Perhaps the most geophysically revealing explosion was
the GNOME shot in December of 1961. GNOME, a part of the U.S.
Plowshare* program, was an explosion of 3.5 kiloions in salt near
! Carlsbad, New Mexico. It was announced well in advance and numerous
; “‘volunteer’’ stations obtained recordings that supplemented the LRSM
! recordings (Fig. 3).
f The observed travel times showed unexpectedly large regionally cor-
related departures from the standard Jeffreys-Bullen tables, There were
corresponding effects on the amplitude of F, and L,; for example, 7,
amplitudes decayed inversely as the third power of the distance to the
» west, and as the square of the distance to the east. These measurements
| established in an unequivocal way major upper mantle differences be-
| tween the eastern platform region of North America, and the tectonic
! region west of the Rocky Mountain front (Fig. 4) — a notion that con-
i tinues to color our thirking today.
{ Alluvium coupling. FISHER, a 13 kiloton shot in alluvium at the
Nevada Test Site (NTS) occurred one week earlier and was recorded
by the same LRSM stations that recorded GNOME. Pre-shot predic-
tions were of unknown reliability, but included predictions that an explo-
sion in a low strength material would be better coupled than an explo-
sion in relatively streng salt. A divect comparison of GNOME and FISHER

*Nuclear explosions detonated for peaceful purposes.
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Fig. 3. Deployment of seismic stations for the GNOME explosion, 3.5 kt in
salt near Carlsbad, N.M. Solid circles show locaticns of LRSM stations.

B, amplitudes at identical stations along the GNOME-NTS profile (Fig. 5)
could be made to measure the alluvium/salt coupling ratio. F, exhibited
the same travel times and inverse third power amplitude fall-off rate with
distance as did GNOME, but when adjusted for the yield difference, the
alluvinm shot produced signals 40 fimes smaller than the shot in salt!

It was an unexpected and disturbing result. The implications for
evasive testing seemed obvious and were of concern to those conduct-
ing or guiding the test ban treaty negotiations. The capabilities described
by the Experts in Geneva clearly needed redefining, but any attempt to
do so could be extremely disruptive to the negotiations. Qur ability to
understand seismic coupling was shown to be primitive, if not unsoundly
based. Quite evidently the measurement and analysis of seismic data from
underground nuclear explosions would need to remain a major part of
the VELA program for some time to come.

As more data accumnulated, a general picture of seismic coupling began
to emerge. By early 1983, Rainier Mesa and Yucca Flats were experiment-
ally differentiated on the basis of coupling (Fig. 6), and ‘‘hard-rock’” coupl-
ing (granite, salt) seemed even stronger than coupling in alluvium or tuff.
The observed differences were known to be correlated with strength
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Fig. 4. Travel times for GNOME clearly show profound difference in propaga-
tion east and west of the Rocky Mountains Front.

and seismic velocities. The roles of porosity and water had not been
established because there had been no shots large enough to require
emplacement below the water table in Yucca Flats where these effects
subsequently became apparent. Very little teleseismic data was available
at the time Fig. 6 was prepared because of the low yields and low coupl-
ing of most of the tests, and the time required for assembling and analyzing
the seismic data. Consequently, the magnitude scale on Fig. 6 was in-
ferred from the measured magnitude of BLANCA (4.8 based on a hand-
ful of measurements) and an assumption that magnitudes for lower yield
shots would scale as the average P, amplitude normalized to 500 km.
The picture was to change for the better very shortly.

m, / yield relationship. Data from U.S. higher yield short, starting
with HAYMAKER on 27 June 1962, were collected from WWSSN and
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Fig. 5. B, amplitudes at the same stations for GNOME (3.5 kt) and FISHER
{13 kt in dry alluvium). Relative amplitudes adjusted for yield show a coupl-
ing factor for dry alluvium 30 times smaller than for salt.

5.50 - (East) o
Salt Mesa (tutf)
5.00 |- (Westio
4.50 (Granite)
. -

Valiey (alluvium

Unified magnitude (m)
»
8

3.00 & tuff)
250¢
L1 uull H Lnuul L LLLL
0.1 1 10 100
Yield (kt)

Fig. 6. Early version of the magnitude vs yield curve. Average amplitude of
E,, corrected to 500 km by the observed amplitude vs distance curve, were
plotted as a function of yield. Magnitudes were then inferred from the
measured magnitude (4.75) and yield (19 kt) of the BLANCA explosion, since
most of the other events were too small to produce well-detected teleseismic
signals.
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LRSM stations and analyzed as they became available. MISSISSIPPI,
100+ kt on 5 October 1962 was particularly important; although its B,
and teleseismic P wave amplitudes were essentially the same as
BLANCA's, it was recorded teleseismically by many more recently in-
stalled stations and the data put the m, /yield relationship on a relatively
firm basis (confirming, incidentally, the prior U.S. estimate of m, for
BLANCA). Similar relationships between yield and both M, and the
amplitude of L, were developed at the same time. Contammatmg effects
on surface waves, now attributed to tectonic release, were noted early
on (Fig. 7 shows an example, although recorded much later). These ef-
fects, together with the relatively poor M, detection threshold, made
the M, us yield data a rather questionable basis for yield estimation. The
fact tbat the scatter in L, amplitudes was less than for P was also noted.
Seismicity estimate revised. Seismicity statistics for Asia and
other parts of the world, based on methods for P wave ampiitude measure-
ment and magnitude estimation that were identical to those used on the
explosions, had also been accumulated. Of equal importance was the fact
that both the earthquakes and the explosions were recorded by a net-
work of stations having identical response curves 2nd known calibration
constants. Large explosions near Semipalatinsk (February 1962) and in
the Sahara (May 1962) were important in showing that the corrections
for distance in the magnitude formula (the so-called ‘‘B-factor’’) applied
to surface focus events as well as to the deeper earthquakes from which
they had been derived. For the first time, reliable numbers of earthquakes
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as a function of m,, could be compared directly with explosions of known
yield without using conversion formulas relating m; to M, or M;. (In fact,
measurements of M and M; for the same events failed to corroborate
the published conversion formulas except at high magnitude). The result
was that the estimated number of earthquakes equivalent to an explo-
sion of given yield was reduced by about a factor of 2. From the stand-
point of numbers of on-site inspections, this was highly significant and
the result was greeted as a breakthrough by those involved in test ban
treaty negotiations.

Epicenter location accuracy. Although results will not be described
here, on-site inspection research was an important part of the early VELA
program. This work had a strong impact on the seismological research
since it was evident that the effectiveness of most on-site inspection
techniques depends critically on the size of the area that would have to
be inspected. Accordingly, research on hypocentral location accuracy
became an important part of VELA. The Geiger method was soon ex-
tended to include a calculation of the 3-dimensional confidence ellipsoid
around the focus. These calcuations were experimentally evaluated by
applying them to precisely located explosions (Fig. 8) and as a result,
indications of location bias apparently associated with the source region,
as well as systematic effects of particular recording networks, were soon
apparent. Several explosions off the Nevada Test Site (SHOAL,
SALMON, LONGSHOT®*) were conducted, in large part, to investigate
location accuracy. LONGSHOT demonstrated that biases of about
25 kilometers attributable to deep crustal or mantle velocity structure
were possible in teleseismically determined epicenters. The research also
demonstrated that small networks of detecting stations would be unable
to provide location precisions of 10 km or so (Fig. 9), independent of
biases, in regions uncalibrated by explosions at independently known loca-
tions. Another result of this research was a greatly improved travel-time
table for P, which has largely supplanted the traditional Jeffreys-Bullen
table. Research on location accuracy gradually faded from importance after
the signing of the Limited Test Ban Treaty in 1963, but it is clear that
problems stemming from unknown regional bias, or poor location preci-
sion for events recorded at only a few stations, remain for any future
monitoring system.

Detection methods and systems. One of the largest of the early
VELA projects included the establishment of a network of five seismic
observatories with short period arrays and other equipment as described

*Unfortunately for later research, the yield of LONGSHOT was never determined because
the stated objectives did not require it
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by the Geneva Experts. The objective was to model and evaluate a part
of the network as agreed by the Experts. In July of 1960 the USSR agreed
to permit 15 Control Posts inside the Soviet Union, and the VELA pro-
ject to establish a network of array stations took on added importance
as an urgent effort to develop a prototype for deployment inside the USSR
and elsewhere. Key characteristics of these observatories were:

* stations to be separated by about 1000 km in seismic areas and
1700 km in aseismic araas

* equipment to include a 10 element short period array of ver-
tical sensors distributed over about 3 km

s equipment to include 3-component short period, long period
and broad-band sensors.

The resulting network and array geometries are shown in Fig. 10.
Two of the observatories, Tonto Forest Seismological Observatory

° . ® Vaults
[ . . l Vaulta (three-component systems) except
WY © Central recording building
0 4 8 O Experimental vauit
Kiloineters * WMSO three-componant short-pariod sysiem

Fig. 10. Configurations of varicus seismometer arrays at ohservatories con-
structed to evaluate detection capabilities of stations similar to those recom-
mended by the Conference of Experts.
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(TFSO) and Columbia Plateau Seismological Observatory (CPSQ), had
larger arrays than the nominal 10-element array to support research on
array design. Several array geometries and processing schemes (including
Weiner filtering and adaptive processing) were tested. Analysis showed
that the signal-to-noise gain was relatively insensitive to array design or
processing method, and that simple delay-and-sum processing was about
as good as could be done, provided that the sensors were far enough
apart that the noise was essentially uncorrelated. Signal-to-noise
improvements were about equal to the square root of the numbers of
sensors. At smaller separations noise correlation reduced the effectiveness
of the array.

Methods to eliminate noise caused by bouyancy effects on long period
seismometers were developed and tested as part of this project. Borehole
installation techniques for optimizing short period array performance were
also demonstrated. The observatories operated for several years, pro-
ducing much high-quality data on earthquakes and explosions for
discrimination research. Of greatest significance, the program provided
a sound basis for estimating capabilities of monitoring systems of the kind
discussed in test ban treaty negotiations, and the U.S. gained the ex-
perience required to specify seismic characteristics of Control Posts in-
side the USSR.

An associated program resulted in measurements of signal and noise
at various depths in a number of deep wells. The hope was that the short
period noise propagated predominantly as Rayleigh waves, and that quiet
conditions for detecting P waves would be found at depth because of
Rayleigh wave attenuation. Some of the early results were highly
favorable; signal-to-noise improvements of 20:1 were found at Grapevine,
Texas, for example (Fig. 11), However, in localities where the surface
noise level was relatively low (Elko, Nevada, for instance) there was
little noise reduction at depth. These experiments, together with the
studies of array performance, led to the concept that short period noise
consists of an irreduceable ambient component consisting of high velocity,
or “mantle P wave'’ noise, and a Rayleigh wave component confined
to the surficial layers and often having far larger amplitudes. In regions
where the Rayleigh component predominates a borehole installation may
out-perform a very large surface array.

Another technique for improving signal-to-noise ratios was based on
combining the outputs of a strain- and pendulum-seismograph. Various
combinations of horizontal and vertical sensors can be devised, in princi-
ple, to enhance selected wave types. For msiance, theory predicts that
combined horizontal instruments should have directional discrimination
capabilities for propagating surface waves comparable to a large long-



B8  VELA Overview: The Early Years of the Seismic Research . . .

600
400 |— Seismic Noise Levels in Deep Wellis
N 0.3-1.4 second neriod
\\ vertical component
200 |-
~N
\\
EWIS

100 }— ~Ew

60 -

Naise level (my p-p)

1 \"-—ﬁ___/ -
UBSO
s EKNV
4 I | L
(0} 1 2 3 4
Depth (km)

Fig. 11. Short period noise as a function of depth in boreholes. At noisy sites
employment of seismometers at depths of 0.5-1.0 km gives a signal-to-noise
improvement equivalent to a rather large array. More than 20 dB signal-to-
noise increase was observed at Grapevine, Texas, (GVTX) at 10,000 ft depth.
At quiet sites like Elko, Nevada, (EKNV) there was little signal-te-noise in-
crease with depth.

period array (Fig. 12), and experimental data on iarge events seems to
confirm this. The technique has not been useful at interesting amplitudes,
however, because instrumentation and installation noise problems have
not been solved. Both this technique and the deep well technique could
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Fig. 12. Companson of beam patterns of a long period seismometer array
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theoretical azimuthai resolution and noise rejection characteristics com-
parable to those of a lary'e seismometer aray. Strain seismographs have, to
date, suffered from noise problems that have prevented the achievement of
this capability except on an experimental basis.

be of high value in places where the intrusiveness of a station must te
minimized.

Treaty negotiations in the early 1960’s rather soon bogged down
in issues relating to verification — primarily of underground nuclear tests.
Although the USSR had agreed to 15 Control Posts on their territory,
they insisted that they would operate them. Although the need for on-
site inspection was agreed, the annual numbers to be permitted and the
objectivity and technical adequacy of such inspections, under conditions
that could be negotiated with the USSR, were unsatisfactory to the U.S.
and U.K. By December of 1962 the situation had deteriorated to the point
that the USSR proposed that underground nuclear test monitoring should
be based on three unmanned seismic stations, or ‘'black boxes’’ as they
were called, and a quota of two or three zunual on-site inspections. Even
on this offer, attending conditions left grave doubt as to the objectivity
of any resulting data. Much effort was applied to developing unmanned
seismic stations, on analyses of how they could be ‘‘spoofed,”’ and on
how to make them secure. More importantly, the VELA program began
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The most elaborate station of all, directed almost exclusively to
teleseismic detection, was the Large Aperture Seismic Array (LASA)
in Montana. This program was proposed in March, 1964, and its pro-
ponents advocated a design consisting of 21 subarrays of 25 sensors with
smail spacing — about 0.5 km — in spite of the experience with the
Geneva arrays. It was claimed that this array would be able to expioit
the coherence of the short period noise to achieve a gain of more than
the square root of the number of sensors. The selected location for the
array was not particularly quiet insofar as naturally generated noise was
concermned, but man-made noise was not a problem and, anyway, the large
number of sensors and hoped-for performance were expected to make
LASA the world's best station. The subarrays were distributed over an
area having a 200-km diameter for relatively high beam resolution. Each
subarray contained a 3-component long period set and short period
horizontals in addition to the vertical array sensors.

LASA was given a very high priority. Work started in October of
1964 and by the end of the next May the entire array was complete!
The data were in digital form — a first on a large-scale within the VELA
program. Highly sophisticated signal processing methods were applied
to the data in the attempt to improve the signal to noise ratio.

Initial claims of signal-to-noise improvements beyond /# were made,
but it was soon found that these estimates included the signal-to-noise
improvement normally accomplished by band-pass filtering to eliminate
storm microseisms, as well as the array gain per se. In short, the reported
gain was based on a band-pass filtered output relative to a broad band
input. When comparisons were made with identical before and after fre-
quency filtering, the true array gain was found to be less than /% because
the noise was not reduced as expected and there was signal decorrela-
tion over the large distances between subarrays. The net result was that
LASA'’s detection threshold (Fig. 13) was only comparable to that of a
small array in a carefully selected quiet location. Thus one of the major
goals of the LASA was not met, and the subarrays were subsequently
decimated of seismometers in recognition that the noise coherency at
small sensor separation could not be effectively exploited, The removed
seismometers were subsequently used for the NORSAR array. The ex-
pected high beam resolution, however, was verified and found to be useful
in providing an initial estimate of epicentral location.

Identification criteria. By early 1962 it had been demonstrated
that pP could be used reliably to establish the focal depth of many earth-
quakes. Research was aided by the recently acquired ability to calculate
error ellipsoids, and used together, it was shown that these methods
could establish focal depths of a large fraction of events occurring in Asia.
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The determination of depth of focus became — and remains — the most
effective and physically satisfying means for discrimination. It identifies
earthquakes only, of course, so other discriminates were required to
discriminate shallow seismic events.

Experience with explosions continued to show that the direction of
first motion was an unreliable discriminate except at very high signal to
noise ratio. Furthermore, analyses of earthquakes occurring in the USSR
showed that they tended to be on thrust faults, radiating compressional
first motion into the part of the focal sphere observable teleseismically.
This method thus identifies few of the seismic events of interest to the
U.s.

A measure of P-wave ‘‘complexity’’ (energy in the P coda relative
to that of the initial pulse) was developed by colleagues in the U.K.
Initial favorable empirical results as a discriminant were promptly passed
via high level political channels to the U.S. and caused a great flurry of
excitement among the test ban megotiating community. This also
stimulated several investigations within the VELA program. As a result,
it was found that the method worked well in cases where focal depth
could be established by pP (and hence was redundant), but was mostly
ineffective when applied to apparently shallow events (Fig. 14). Further-
more, when the highly complex explosion occurred in Nuvaya Zemlya
in September 1964, ideas about the cause of complexity had to be drasti-
cally revised. it was apparent that the observed effect was not a primary
property of the source but rather of the region in which it was located.
The experience with complexity taught a very important lesson, however:
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Fig. 14. “Complexity” of
earthquakes and explosions. 100
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a completely believable cdterion must have a sound physical basis. A
corollary is that a strictly empirical basis is insufficient.

Suggestions were made at the Expert’s Conference that the relative
excitation of long period and short period waves might be a means of
discriminating between earthquakes and explosions. An empirical criterion
was developed early in the VELA program based on the ratio of the area
of the envelope of the long period Rayleigh waves to the amplitude of
short period P waves (the ‘AR"’ criterion). It was soon shown that M,
was an equally good measure, and work concentrated on M,:m,. An ap-
parent ‘‘breakthrough,’’ based on East Coast obs<rvations of explosions
at NTS as compared with earthquakes at various locations, was that an
M, estimate based on 40-50 second waves rather than 20 second waves
greatly enhanced dis<rimination. This was soon shown to be a path
effect, rather than a source effect, by comparing waveforms from the
explosions along different paths (Fig. 15). Comparing earthquakes and
explosions along the same path (Fig. 16) showed no particular increased
effectiveness at the longer period. Once again, the need for a firm physical
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basis for a discriminant was emphasized. Although M :m, remains as a
highly regarded discriminant, it is disturbing that it is not fully understood
— particularly so since it is also known that tectonic effects can perturb
Rayleigh wave generation from explosions in a significant way and that
propagation effects can perturb both P and Rayleigh waves in uncorrelated
ways.

Evasior: research. VELA was tasked to determine whether a
nation could conceal a nuclear explosion from detection systems and to
develop countermeasures to evasive testing techniques that appeared
to be effective, The initial U.S. work on cavity decoupling, undertaken
by the AEC, had shown a reduction of about a factor of 100 in the low
frequency signals relative to tamped high explosive charges. Several
technical questions could not be answered by H.E. explosions, however,
and VELA prepared for a nuclear program. This was to consist of
SALMON, a 5 kt tamped shot in salt (conducted in 1964), a low yield
nuclear tamped shot and a shot of the same low yield conducted in a mined
cavity in salt. Plans for the latter two shots were abandoned because
of difficulties caused by leakage of water while constructing the shaft
needed for the mined cavity.

STERLING, a 380 ton nuclear shot in the SALMON cavity, was
subsequently detonated in 1966. Although the cavity was too small for
optimal decoupling of 380 tons, there was substantial decoupling at low
frequencies (about a factor of 50-70 by most estimates) and the relative
SALMON/STERLING spectral shapes seemed to agree with theory
(Fig. 17). Additional explosions at tl.e Nevada Test Site investigated ways
to further enhance decoupling by adding energy absorbing material in the
cavity, with some success.

Supporting work on the feasibility of constructing large cavities in-
dicated that holes of sufficient size to decouple 10 kt were feasible. Even
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larger cavities exist, although none are spherical. Although many ques-
tions remain, as a result of this work decoupling is generally accepted
to be a feasible means for reducing seismic signals by about two orders
of magnitude for exnlosions up to several tens of kilotons.

Laboratory sitr.alations, as well as a few fortuitously timed nuclear
explosions, show:d that an explosion conducted shortly after a major
earthquake might not be detected. There are difficult operational prob-
lems associated with testing in this mode, and the yield that could be
concealed by an earthquake of a given magnitude is strongly dependent
on the characteristics of the monitoring network.

Similarly, carefully timed multiple explosions — perhaps also con-
ducted in the coda after a large earthquake — could complicate or pre-
vent identification of the events. Simple scenarios of this type have been
shown to be ineffective, but a well-designed series of shots would
appear to be capable of spoofing a monitoring network, based on cur-
rently validated identification criteria.

Summary Comments

Most of the problems for underground nuclear test monitoring that
remain today were known by the id-to-late 1960’s. This is not a refiection
on the quality or vigor of the program since that time, but rather of the
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fundamental nature and great complexity of seismic sources and the earth
itself that cause the problems.

There were major technical accomplishments during the early VELA
period. Landmarks that I would cite are establishing the WWSSN, the
development of borehole technology to protect both short and long period
sensors from environmental noise, the development (and continuing pro-
liferation) of digital technology, and the development of effective seismic
discriminants. Equally important — even if less satisfactorily concluded
— major efforts were in array technology (a bit disappointing in that only
«/n improvement in S /N was achieved) and evasion research (still arguable
quantitatively, and probably will remain so without nuclear experiments).

Perhaps the most important accomplishments have been the develop-
ment of a strong technology base and the continuing support given to
test ban treaty policy making and negotiations. Manifestations of the
strength of the technology base are visible in terms of the increased
numbers of students, researchers and institutions involved in seismology,
as well as in the ability of the participants in the program to turn quickly to
new problems as they arise. A case in point was the ability to support the
Threshold Test Ban Treaty negotiations in 1974, even though research on
yield estimation had been neglected because prior U.S. policies had ex-
plicitly rejected consideration of threshold treaties. Throughout the en-
tire period of test ban negotiations, VELA workers and the DARPA staff
have been the primary source of technical advice, as well as participants
in the negotiations themselves. I believe that these latter points are at-
tributable in large measure to three characteristics of the VELA program:

e It has remained a national program — not a Department of
Defense program — focusing on problems of interest to all agen-
cies of the government concerned with test ban policy. The
program has never been pressured by senior DoD officials to
support any narrow agency viewpoint.

o With few exceptions, program managers have established high
standards of proof and required thorough backup prior to sup-
plying technical advice to policy levels of government. While
this careful approach is slow at times, it has been essential in
resolving opposing points of view among the federal agencies
concerned with test ban policy, and the reliability of the advice
has been crucial to the continuing support of the program.

* Program managers, by and large, have resisted the tempta-
tion to assume policy roles, confining their advice during the
policy formulation process to technical matters within their
competence.
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Twenty-Five Years of Source Theory
Bernard J. Minster

1. Introduction

In the past twenty-five years the earth sciences in general and
seismology in particular have undergone more vigorous development than
at any time in the past. Our perception of the earth and of geological
processes has been greatly modified by the advent of plate tectonics which
offers a global framework for the study of the planet. Naturally, the study
of seismic sources, a rather specialized discipline of geophysics, has also
progressed considerably during that period.

Twenty-five years ago, the underlying causes for seismic activity,
the reasons behind the geographical distribution of earthquakes, and the
mechanics of failure during an earthquake were by and large mysteries
yet to be uncovered. Today, we worry about rather subtle features of
seismograms, complicated rupture histories, and detailed simultanecus
modeling of near-field and teleseismic waveforms.

Twenty-five years ago, there was considerable debate on whether
an equivalent point source should be taken as a single-couple or a double-
couple. Today, a complete description of the source requires typically
six functions of space and time, namely the components of a moment
rate tensor density.

The reasons for this progress are many, but they can mostly be traced
to the requirements of a nuclear test-ban treaty monitoring capability.
It is primarily in response to this need since the early 60’s that many
of the technological and theoretical tools we enjoy today have been
developed.

(1) Underground nuclear testing has provided accurate, well
locatad and controlled sources of sufficient size for the
signals to be recorded everywhere at the surface of the
Earth.

(2) The deployment of the World Wide Network of Standard
Seismometers, and the installation of several large aper-
ture seismic arrays have provided seismologists with a
wealth of high-quality observations with much improved
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areal and azimuthal coverage. More recently, digital net-
works have yielded even better data, well suited for modern
computer-based data processing (SRO, ASRO, IDA).

(3) Advances in seismometry and the development of digital
recording techniques have greatly increased the informa-
tion content of seismograms, particularly at long periods.

(4) The advent of digital computers, which have been used early
on in geophysical modeling and research, opened the door
for the analysis of large data sets, the generation of ever
more realistic earth models, the calculation of synthetic
seismograms, and the numerical modeling of complex
phenomena which cannot be studied analytically.

(5) Considerably increased support in fundamental research in
the earth sciences was fueled by the needs for treaty
verification, discrimination and yield estimation. It permit-
ted continued development and expansion of theoretical
geophysics. Many scientists, who a decade earlier would
have undoubtedly been attracted to other fields of physics,
became seismologists instead.

Thus, theoretical geophysics as we know it today could really be
considered to be a creation of the 60’s. In many ways, this is also true
of source theory. The VELA program has been instrumental in this; many
of the workers in the field have been supported directly or indirectly
through this program, often starting from their graduate career.

Source theory is a generic term which covers many endeavors of fun-
damental research in seismology, from the study and understanding of
the failure of rocks in the earth and earthquake mechanics, to the ex-
amination of detailed processes in the vicinity of underground nuclear
explosions. It pertains to the study of microcracks in laboratory rock
samples or of the detonation of gram-size explosive charges embedded
in such samples, to the study of the 1960 Chilean earthquake; these
sources span twenty-five orders of magnitude in moment.

Although it is often customary tc organize seismological work into
the study of sources, wave propagation, and receiver properties, the
distinction between these various areas is blurred. For instance, it is not
possible to ignore wave propagation effects when one attempts to retrieve
source parameters by inversion of seismic observations. This separa-
tion is often made for convenience. Unfortunately, it leads to the con-
cept of a ‘‘source region'’, a phrase commonly used in the literature,
which takes on a different meaning depending on the context. In this paper,
I shall use this phrase, for lack of a better term, ‘o indicate the volume
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of the earth within which source phenomena per se are confined. The
source region should at least include all material subjected to brittle or
ductile failure; if one includes the domain in which the material does not
fail, but is subjected to high enough strains that its rheology is inelastic
(nonlinear), then the source region could conceivably be much larger.
Wave propagation inside the source region should really be analyzed as
part of the source mechanism; this includes scattered and diffracted waves
(e.g., Das, 1980; Stevens, 1980b), strong acoustic fields (Melosh, 1979),
spall phenomena near an underground explosion (Day et al., 1983) and
generally any propagating disturbances which interact with the material
so as to affect the outgoing wavefield. Such pkenomena are the object
of on-going research in source theory.

A comprehensive review of source studies would be a monumental
task requiring considerable time and resources. Fortunately, a number
of excellent reviews of the subject are available (e.g., Honda, 1962;
Dahlman and Israelson, 1977; Rice, 1980; Masse, 1981; Bache, 1982;
Boore, 1983). In addition, a tutorial presentation of the theory and sup-
porting observations is found in three separate chapters of Aki and
Richards’s text (1980) and a more esoteric mathematical presentation
is given by Ben-Menahem and Singh (1981). The reader who is serious-
ly interested in the details of source theory is urged to turn to these
works; I shall not provide in this paper the tools needed to actually under-
stand the source mechanism; instead I shall attempt to describe some
of the ideas on the subject which at one time have held the attention
of seismologists.

If one measures the vigor of a discipline by the amount of debate
that it generates in the community, then source theory is indeed a young
and growing field. Over the past twenty-five years, virtually all aspects
of source theory have been the object of considerable argument, and
sometimes lively controversy. Some of these arguments have been re-
solved to everyone'’s satisfaction, others are still with us today, and new
ones arise as the field progresses. It would be presumptuous to claim
good enough understanding of all points of view and robust enough ob-
jectivity to provide a lasting historical perspective, particularly when it
comes to those topics which are still debated today.

I have tried to organize the material into various sections in an at-
tempt to simplify the characterization of the arguments. However, the
reader should be aware that each topic was not actually debated separately
in its own context. As can be expected, and as any reader would quickly
notice by perusing the literature, the arguments are often intertwined
in complex ways, so that there is some danger of losing in accuracy what
is gained in simplicity of presentation.

i e e e 3
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2. Single- and Double-Couples

Since the early work of Reid (1910), who demonstrated that the 1906
San Francisco earthquake was associated with faulting along the San An-
dreas fault and formulated the elastic rebound theory, seismologists have
been very interested in the rupture mechanism of earthquakes. Although
the various disciplines of seismology did undergo vigorous expansion in
the few decades that followed, especially in Japan, it was not until the
50’s that the modern ideas about seismic source models started appear-
ing in the literature.

Nevertheless, from the extensive review by Honda (1962)—who com-
piled as many as 278 references on the subject—one cannot but be im-
pressed with the remarkable variety of fundamental solutions which have
been available to seismologists for a very long time. In additiun, in spite
of the general sparseness of seismic stations installed at the time, a very
large number of observational studies were undertaken successfully, par-
ticularly concerning the distribution of first motions as an indication of
the faulting mechanism. Among others, I should mention the series of
publications by Hodgson and co-workers who developed to a remarkable
extent the art of determining fault-plane solutions using stereographic
projections originally introduced by Byerly (1938). Many of their solu-
tions are still used on occasion in the literature. Coulomb and Jobert (1973)
credit T. Shida with the first observations (circa 1927) of the quadrantal
distribution of first motions from a shallow earthquake. The connection
of this distribution with the theory of elastic rebound was made by
Gutenberg (1956).

A major conceptual advance was achieved by Vvedenskaya (1956).
In a series of papers between 1956 and 1961, she and her co-workers
introduced dislocation theory as a systematic tool to model earthquake
scurces, compute the associated displacements, and determine the orien-
tation of stresses active near the focus from seismological observations.
She demonstrated the double-couple equivalence of point sources of slip
(Vvedenskaya, 1956). Other investigators did use dislocation theory very
early on; for example, Knopoff and Gilbert (1959, 1960) studied the radia-
tion field from a strike-slip fault and derived the distribution of first mo-
tions frora such models. It seems that the main debate was in fact centered
on the problem of defining an equivalent point source, rather than on the
appropriateness of the dislocation model per se.

In retrospect, it seems a bit puzzling that one of the great subjects
of debate during that time was whether an earthquake source is equivalent
to a single-couple with moment, or to a pair of couples with equal and
opposite moments. As late as 1962, Honda felt a need to distinguish be-
tween type I and type II source models, which he equated respectively
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to these two alternatives. Knopoff and Gilbert (1959, 1960) actually went
to considerable lengths to contrive a combination of two parallel disloca-
tions with opposite Burgers’s vectors in order to achieve a tie between
dislocation theory and a single-couple source.

There were several reasons for this lasting debate: The first one
is that P-wave first motions alone are not sufficient to distinguish be-
tween the two models. Consequently, one must examine the radiation
pattern for S-waves in order to choose between the two hypotheses (e.g.,
Byerly and Stauder, 1958) and such data are more difficult to obtain
reliably—although Honda (1962) argues that at least in some cases,
S-polarity observations could be made unambiguously. Another reason—~
pointed out by Kostrov (1970)—why the single-couple proponents re-
mained unconvinced is that Vvedenskaya’s treatment somehow lacked
sufficient rigor in the derivation.

The use of dislocations and of double-couples to describe the
kinematics of earthquakes, as well as the static deformations associated
with faulting, gained ground steadily through the late 50’s and early 60's.
Steketee (1958) used Volterra’s dislocation theory to compute dis-
placements produced by faulting and to analyze the strain energy of
faulting, Chinnery (1961, 1963) applied the model to the study of ground
deformation around vertical transcurrent faults. Dislocation and double-
couple models of the source were also used in surface wave studies of
the earthquake mechanism (Aki, 1960; Brune, 1960) and in the early work
on free oscillations (Benioff ¢t al., 1961). Aki (1960) showed that Love-
wave radiation from the 1956 Kern county earthquake was consistent
with a double-couple.

The theory remained relatively incomplete until Maruyama (1963)
built on the static work of Steketee, and showed that the displacement
field due to a dynamic dislocation is exactly equivalent to a distribution
of double forces. In 1964, Maruyama tabulated for the first time all the
components of the Green's tensors for static dislocations in an infinite
space and in a half-space. Finally, Burridge and Knopoff (1964) produc-
ed a comprehensive and rigorous analysis of the body-force equivalents
to a dislocation source under general assumptions (general inhomogeneous
anisotropic medium). The orientations of equivalent double-couples and
double forces without moment are related to the directions of the Burgers
vector and the normal to the fault only if the medium is isotropic. A sim-
ple argument given by Benioff (1964) provides the missing link by relating
the double-couple force system to the theory of elastic rebound. Thus,
I would place the ‘‘death’’ of the single-couple point source around 1964.

By that time, the dislocation model had gained fairly general accep-
tance as a kinematical representation of earthquake faulting, and its
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double-couple equivalent point source gradually became somewhat of a
standard. However, perhaps for reasons of convenience, perhaps for pur-
: poses of completeness, the use of single-couples persisted in the literature
: well into the end of the decade. For example, Kanamori (1970)
demonstrated that the double-couple source matches long-period sur-
face wave radiation pattern, whereas the single-couple does not.
t Archambeau (1968) argued that, in a multipolar expansion of the radia-
tion field, the dipolar component cannot exist by itself, but must be always
present in combination with higher order multipoles in order to satisfy
conservation of angular momentum. In other words, systems of double
forces with net moment are precluded.
Other advances in the theory of seismic sources accomplished dur-
ing the early part of the decade were less controversial. Imporiant con-
, tributions include the analyvsis Ben-Menahem (1961), who examined the
, radiated energy and excitation of surface-waves by moving sources of
‘ finite dimensions. He formally introduced the finiteness factor, and the
directivity of surface wave radiation patterns, a concept subsequently
used in many source studies involving long-period observations.
During that same period, the study of seismic waves generated by
underground nuclear explosions began in earnest; we shall return to that
subject in a later section.
’ The greatest success of the equivalent point source model is in-
, dubitably the determination and interpretation of fault-plane solutions.
| I have already mentioned the early work, dominated by the contribu-
: tions of Hodgson and his co-workers; since then, countless determina-
tions of focal solutions have been made for ali types of events, deep and
shallow, local and teleseismic. The principles are well-known and will not
be repeated here. However, it must be pointed out tlat it is the tool
that was used by Sykes (1967) to demonstrate the nature of oceanic
transform faults and thus contribute powerfully to the accentance of plate
tectonics by the geophysical community. Since then, focal solutions have
‘ been used to resolve a remarkable number of important tectonic ques-
tions, and to constrain global plate motion models. The determination
of a focal solution remains essentially the first order of business (after
location) in the analysis of any seismic event, as well as one of the few
unambiguous discziminants between earthquakes and underground nuclear
f explosions, whenever a well-determined mechanism can be obtained.

3. From Kinematic Dislocations

to Dynamic Crack Models

One observation which cannot fail to impress anyone who attempts
a review of the evolution of source theory over the past two decades
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is the systematic evolution of the models from purely kinemnatical disloca-
tions to more and more sophisticated models which incorporate an in-
creasing number of dynamical characteristics.

In this section, I shall try to outline this evolution, by focusing primarily
on those source models which involve a thin faulting surface, starting
from the now classical planar dislocations and ending with some of the
most recent numerical simulations of dynamic cracks.

3.1 Kinematic Source Models. The establishment of dislocation
models as a powerful tool for studying the kinematics of earthquake
sources was consolidated by the work of N. Haskell in the mid- to late
60's (Haskell, 1964, 1966, 1969). This work was seminal in the sense
that it has been and continues to be the basis for many source studies.

What has come to be known as ‘‘Haskell’s model’’ is described in
detail by Aki and Richards (1980); it is a planar dislocation model for a
long and narrow fault swept by a dislocation line, parameterized by:

(1) the fault length, typically taken along the strike
(2) the faudt width, (usually the depth)

(3) the rupture velocity

(4) the final elip offset

(5) the rise time

Instead the final-slip and rise-time one could specify a so-called source
function, the time derivative of which can be shown to control the far-
field waveforms. In addition, it is usually assumed that the fault slip never
reverses its direction—that is, the source function is unipolar— and that
the rupture is unilateral, that is, the rupture front propagates along a
single direction,

This five-parameter model offers considerable flexibility in that it is
capable of representing a wide variety of faulting situations, and is
amenable to both analytical and numerical treatment. As a result it has
been used extensively in various forms for body-wave, surface-wave,
free-oscillation, and near-field studies.

Note that a physical parameter which is not formally included as part
of the specification of Haskell's model is the stress, or more specifically
the stress drop associated with the faulting. This emphasizes 'he
kinematical character of the model. Once the geometry of the fault has
been determined, information about the stress drop can be retrieved by
comparing tk.e results with those obtained from another model with similar
geometry, for instance a crack model.
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One method, applied for the first time by Aki (1966), uses simul-
taneous estimates of the seismic moment and of the energy released.
However, as discussed by Wyss (1970a,b), there remains the prob-
lem of relating the true energy released during faulting to that which is
radiated in the form of seismic waves; in other words, one needs an
estimate of the seismic efficiency.

Brune (1970) proposed a simple earthquake model in which both sides
of the fault are accelerated by an ‘‘effective stress’’, applied instantaneous-
ly over the fault surface. Although this model was quite primitive com-
pared to later quasi-dynamic crack models, it gained some degree of
popularity as an interpretive tool, mostly because the simple parameteriza-
tion of the spectrum predicted from it allowed convenient processing of
body-wave observations by spectral analysis (e.g., Hanks and Wyss, 1972;
Hanks and Thatcher, 1972; Tucker and Brune, 1973).

In spite of the considerable attention paid to Haskell’s model in the
late 60’s and through the 70’s, it was not until 1978 that Madariaga (1978)
obtained an exact analytical solution for the wavefield generated by a
Haskell source at any point of a uniform elastic infinite space. For a
rectangular fault, he showed the wave field to be the superposition of
cylindrical waves generated by the sudden start and stop of the
dislocation line and spherical waves emanating from the corners of the
rectangle,

Variations on the basic dislocation model have been devised, usually
for the purpose of studying particular phenomenological aspects of the
source. An early model was the one proposed by Savage (1966), in which
the phenomenon includes three stages; it nucleates from a point, spreads
radially until it fills some area of prescribed shape, and stops. However,
Savage assumed the slip function to be identical at all points on the fault.
This somewhat unrealistic circumstance was corrected by Sato and
Hirasawa (1973), who assumed the distribution of slip over a growing
circular fault to be identical at all time with the static equilibrium distribution
derived by Eshelby (1957). Another modification was suggested by Molnar
et al. (1973), who assumed that the rupture spreading phase is followed
by a healing phase propagating inwards from the periphery of the final
fault at a velocity equal to the rupture velocity, and thus avoided the
peculiarities associated with a rupture which stops simultaneously at all
points on the fault.

Yet another model was examined in some detail by Dahlen (1974);
he considered a growing elliptical fault, with a constant aspect ratic, and
used the exact slip function derived earlier by Burridge and Willis (1969)
for a growing elliptic crack with constant stress drop. He avoided some
of the difficulties attached to stopping the crack growth by assuming a
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gradual slowing down of the growth after a certain fault dimension has
been reached.

Although dislocation models with spatially uniform slip function and a
simple time dependence have proved useful for studying low frequency
(less than 1 Hz) radiation (e.g., Aki, 1968; Haskell, 1969; Anderson and
Richards, 1975; Bouchon, 1979), the high-frequency wavefield (1 to 20 Hz)
is much more sensitive to details of the faulting process, particularly in
the near-field. For instance, the analysis of Madariaga (1978), shows that
uniform-slip models are usually inadequate for modeling near-field ground
motions with wavelengths much shorter than the fault width (see for in-
stance, Day, 1982a).

More complicated models can be invoked, which rely on a s*atistical
representation of a complex faulting process. This approach was first
adopted by Haskell (1966), who suggested that the statistical properties
of slip distribution along a single fault can be related to ensemble averages
of the properties of many events, similar to the ‘‘ergodic’’ assumption
of time series analysis. Hanks (1979) invoked a statistical model in an
attempt to explain the apparent randomness of ground accelerations, and
recently, Andrews (1980, 1981) examined both static and time-dependent
stochastic fault models, which he describes as ‘‘fractal objects’
(Mandelbrot, 1977), and showed that such a description is phenome-
nologically compatible with a variety of observations.

However, by the late 70’s it had become increasingly evident that
further refinements of the models should take into account considera-
tions about the physics of rupture and rely on dynamical rather than
kinematical calculations.

3.2 Quasi-Dynamic and Dynamic Models of Earthquake Rup-
ture. The transition from the 60’s to the 70's was characterized by a
marked increase in the investigation of quasi-dynarmic and dynamic source
models. The qualifier ‘‘dynamic’’, as applied to a source model implies
that the growth history (fault size, rupture velocity) and slip history is
a result of the modeling, as opposed to an input. However, much has
been learned about the mechanics of fracture as applied to earthquake
sources by specnfymg the growth history and the stress drop in advance
and examining the consequences of this choice on the ‘‘dynamic’’ (as
opposed to ‘‘static’’) stresses near the fault and on the slip history on
the fault, I shall call the latter class of models ‘‘quasi-dynamic’’, since
the slip history is dynamically consistent with the prescribed stress drop
associated with fault growth, even though this fault growth itself is
kinematically specified.

Much of this work draws heavily from crack theory; a comprehen-
sive review of the topic and applications to the mechanics of earthquake
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rupture is given by Rice (1980) and will not be repeated here.

Kostrov (1964, 1966) was the first to recognize the applicability of
crack theory to the problem. His pioneering work on the self-similar
growth of circular shear cracks, and the unsteady propagation of
longitudinal shear cracks has withstood the test of time and remains the
basis for many current studies. He later extended the theory to in-plane
shear cracks as well (Kostrov, 1975). Kostrov (1970) reviewed the ap-
plication of the theory to the modeling of seismic sources; he is also
credited with the introduction of the seismic moment tensor, which I shall
discuss in a later section.

Useful insight is offered by analytical solutions which can be obtained
for special two-dimensional geometries, in particular for the anti-plane
problem for which the relationship between slip and shear stress on a
fault with prescribed rupture velocity is simple. Freund (1972) produced
a simple and elegant formalism for the energetics near a crack tip, from
which it can be shown that for a cohesionless crack, the energy flow at
the tip vanishes when the rupture velocity is equal to the shear velocity
for anti-plane problem, and to the Rayleigh velocity for in-plane problems.

In a series of papers, Burridge (1969, 1973), Burridge and Willis
(1969) and Burridge and Halliday (1971) examined increasingly complicated
crack problems using a combination of analytical and numerical tech-
niques. More recently, Burridge and Moon (1981) presented numerical
solutions for slipping on a three-dimensional frictional crack, using an in-
tegral equation technique proposed by Burridge (1969), for the case of
pre-specified rupture velocity equal to the wave speed. A related numerical
algorithm was introduced by Hamano (1974), and refined by Das and Aki
(1977a), Richards (1979), and Das (1981).

The prominent difficulty encountered in dynamical modeling has to
do with how to stop crack propagation (Aki and Richards, 1980). Because
of this, numerical techniques are necessary, particularly in three dimen-
sions, although analytical solutions are known in two dimensions (e.g.,
Kostrov, 1966; Freund, 1979). Quasi-dynamic models, in the sense de-
fined above, have been calculated for circular faults (Madariaga, 1976;
Das, 1980), semi-circular faults (Archuleta and Frazier, 1978), and rec-
tangular faults (Madariaga, 1977, 1979; Archuleta and Day, 1980; Day,
1982a). Dynamic models, involving spomtaneous failure, have been
presented in two dimensions by Das and Aki (1977a), Knopoff and
Chatterjee (1982), Chatterjee and Knopoff (1983), and in three dimen-
sions by Das (1981), Day (1982b), and Virieux and Madariaga (1982).

One essential ingredient of these models is the presence of a
“‘cohesive zone’’ just ahead of the crack tip, which eliminates the stress
singularity predicted on the basis of linear elastic models. This concept,
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originally due to Sarenblatt (1959) as an improvement on the classical
Griffith criterion for the stability of cracks, was further refined by Willis
(1967). It was introduced in earthquake source modeling by Ida (1972),
and further analyzed by Andrews (1976a, b).

The energy balance at the crack tip is usually analyzed in terms of
a ‘‘specific fracture energy’’ which must be greater than the specific sur-
face energy on the rocks themselves, because of the inelastic processes
involved, and because of the finite thickness of the fault zone (see Hus-
seini et al., 1975). Archambeau and Minster (1978) examined in detail
the conservation equations in a medium with a propagating failure bound-
ary, and derived general jump conditions which must be satisfied across
the failure boundary. Husseini and Randall (1976) stated that the con-
cept of a specific fracture energy is but a two-dimensional idealization
of these jump conditions, although to my knowledge the equivalence +ii
the two treatments has not been formally worked out, in the sense of
one being a limiting case of the other.

This class of investigations almost forms a separate discipline, and
many of the conclusions reached so far are still the object of current
research and debate, especially with the continuing acquisition of
laboratory data on the behavior of simulated fault zones (e.g., Scholz ef
al., 1972; Dieterich et al. 1978; Dieterich, 1980, 1981).

Among the various conclusions reached from such studies, several
appear to have acquired fairly general acceptance:

(1) For a rupture surface with inhomogeneous prestress or in-
homogeneous strength, the rupture velocity may vary
abruptly as the rupture front impinges upon one of these
inhomogeneities.

(2) Peak slip velocity is strongly coupled with rupture velocity,
at least for situations in which cohesion is uniform along
the fault. Sub-shear rupture velocity is predicted for
predominantly anti-plane crack motion, but super-shear nip-
ture velocity is observed for in-plane crack motion if the
cohesive zone is sufficiently weak. However, the average
rupture velocity remains sub-shear, at least for the types
of models studied so far (Day, 1982b).

(3) A fault plane with distributed barriers of greater strength
may explain some of the complexities of faulting inferred
from near-field observations. Depending on the initial stress
load and the relative strength of the barrier, a barrier may

¢ be broken immediately as the crack tip impinges on it
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* be left behind as an unbroken asperity
¢ break later in the phenomenon, due to dynamic load-
ing behind the crack tip.

As discussed by Das and Aki (1977a), and by Aki (1980), a barrier
model provides a satisfactory explanation for the well-known complexity
of the faulting in great earthquakes.

The alternative point of view to the barrier model is the asperity
model, in which seismic faulting occurs when a strong patch of the fault
fails, while weaker patches may slip aseismically. Of course, an asperity
could be associated with an unbroken ligament left by an earlier event
which failed according to the barrier model. The barrier model and the
asperity model have been compared by Rudnicki and Kanamori (1981),
who show that inhomogeneities of fault strength can bias estimates of
moment, stress drop and strain energy release, albeit in slightly different
ways. Their results are compatible with those of Madariaga (1979}, who
examined the effects of both strength and stress heterogeneities on the
relation between seismic moment and stress drop. The effects of rup-
ture complexity on source size estimates of the aftershocks of the 1975
Oroville, California, earthquake have been reviewed from an observa-
tional and theoretical point of view by Boatwright (1984). Using a simple
and intuitive model, he shows that ignoring rupture complexity can lead
to large systematic errors in the estimates of source dimension and stress
drop.

Das and Scholz (1981) investigated the complete time-dependent
process of rupture in the earth, from nucleation to catastrophic failure,
from the point of view of fracture mechanics, including sub-critical crack
growth due to stress corrosion and triggering of muitiple events. Finaj-
ly, the rupture of a single circular asperity of constant strength was recent-
ly treated by Das and Kostrov (1983); this problem presents interesting
characteristics insofar as the rupture front progresses in a rather com-
plicated fashion, first encircling the asperity, and then propagating in-
ward toward the center.

Boore (1983) considers the documentation of the complexity of earth-
quake rupture to be one of the most important recent developments in
the understanding of the earthquake source. It is a feature of large earth-
quakes (¢.g. Wyss and Brune, 1967; Kanamori and Stewart, 1978, 1982;
Stewart and Kanamori, 1982) and of smaller events as well (e.g. Strelitz,
1975; Hartzell and Helmberger, 1982; Olson and Apsel, 1982). Especially
interesting is the documentation of localized fault patches breaking with
near-compressional rupture velocity by Olson and Apsel (1982); this pro-
vides strong support for the numerical models discussed above.
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4. Relaxation Scurce Models

An alternative to the dislocation model and its variants is the stress
relaxation model developed by Archambeau (1964, 1968), and by Randall
(19642, b, 19€6). Although the approaches develoned independently by
these two authors differ significantly in the details the underlying
philosophies are rather similar.

4.1 Modeling Concepts. Honda (1960) recognized early on that an
earthquake car be viewed as a relaxation phenomenon of pre-existing
tectonic stresses. Based on this general concept both Randall and
Archambeau argue that failure of the medium corresponds to a sudden
(or progressive) change in matzrial properties inside a ‘‘failure zone’’.
As a result of this change, the static equilibiium configuration of the
medium in the presence of the tailure zone is modified; the evolution
toward the new equilitzium state is then achieved dynamically and
generates a transient elastodynamic wave feld. The natural mathematical
treatment of the problem requires therefore the solution of an initia! value
problem, or in the case of a gradually growing source region, a generalized
initial value problem, requiring only the calculation of a sequence of static
equilibrium states (Archambeau, 1968; Randall, 1971; Minster, 1973).

Randall (1964b) considered the case of a sudden volume change in-
side the failure zone, and later (Randall, 1966) examined the case of a
sudden phase transition. Archambeau (1964, 1968) addressed the more
general problem of a growing and propagating failure zone in a pure shear
field. {Note that Archambeau's initial solution, and also the work of Minster
(1873) used a particular potential representation of the radiated fields
which cannot be used in the case of pure compressional prestress. This
was corrected bv Stevens (1980a).]

Irn tervus of the general Green’s tensor solution, the radiation field
is expressed as the sura of a volume integral over the whole space—or
at least the whole earth—and surface integrals over the various bound-
zries, including the boundary of the failure zone itself. The general
representation theorem was reviewed in detail by Archambeau and
Minster (1978), including the set of boundary conditions appropriate for
the case of a moving failure boundary. The volume integral represents
the contribution of body forces and of the initial values, and the surface
integrals contain the scattered fields. Solutions which ignore the latter
have been dubbed ‘‘iransparent solutions’’ since they allow waves to
be transmitted undisturbed through the failure zone.

The solution is usually given in terms of a multipolar expansion of
fields (e.g. Archambeau, 1964, 1968; Randall and Knopoff, 1970;
Randall, 1971, 1972), of which the monopole represents the isotropic,
and the quadrupole the double-couple component of the field. [Harkrider




80  Twenty-Five Years of Source Theory

(1976) suggests that the term ‘‘mixed quadrupole’’ be used since P and
S waves have different source histories, as opposed to the point shear
dislocation model.] Higher multipoles are excited in the case of a pro-
pagating source or in the presence of inhomogeneous prestress (Stevens,
1980b) but, as discussed by Archambeau (1968), their complex amplitudes
must combine in such a way as to preserve angular momentum. The
manipulation of multipolar expansions in that context and their transfor-
mations under changes of coordinate system have been reviewed by
Minster (1976).

4.2 A Debate in Source Theory. Comparison of dislocation and
relaxation models of the earthquake source generated a lively debate from
the beginning, and this debate lasted well into the 70's. One of the main
sources of controversy arose from the need to reconcile the predictions
of the relaxation theory with those of the more intuitively satisfying
kinematic dislocation models. Although I do not recall that there ever
was much argument about stress relaxation being the correct phenomencn
to model, there was considerable controversy about the correctness of
details of the model as implemented by Archambeau and his coworkers,
and about features of the radiation fields .cedicted by the model.

Criticisms of Archambeau’s model focused on

(1) The geometry and boundary conditions used in specific ap-
plications of the theory.

(2) The approximations made in the calculations, some of which
were later shown to be invalid, which cast doubt on some
of the inference drawn from simulations which used this
model.

Mainly for reasons of algebraic convenience, the relaxation model
was only computed in detail for the case of a spherical failure zone with
total loss of rigidity. In contrast that of a typical dislocation model, this
geometry is certaimly far removed from that of typical fault zones observed
at the surface of the earth, and was unpalatable to many. Furthermore,
at a time when attempts were being made to incorporate the concepts
of static and dynamic friction and of partial stress drop in dislocation
models, a model with total loss of shear strength within the failure zone
was considered unrealistic.

Randall (1966) argued that a spherical failure zone might be ap-
propriate for some deep earthquakes presumably associated with sud-
den phase changes, and compatable arguments were made by Archambeau
(1968). Archambeau (1972) suggested that the model might also apply
to volcanic events. In addition, this geometry is clearly appropriate for
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the study of the anomalous radiation from an explosion detonated in a
prestressed material, one of the main applications of the mode! to which
I shall return later. Archambeau did try to achieve more realistic
geometiies for the modeling of earthquakes by considering a growing
and propagating spherical failure zone, but as discussed by Minster (1973),
this begged the difficult question of material healing after failure. Fur-
thermore, the sequence of static equilibria used in Archambeau’s initial
treatment did not account for the static fields generated by the por¢on
of the failure zone which had already healed. [Archambeau (1964), and
later Minster (1973) attempted to treat the case of an ellipsoidal rup-
ture, but found the evaluation of the initial value fields extremely difficult.
The recent work of Stevens (1980b, 1982) would greatly simplify the
problem.]

However, these models served to illustrate, at least in the far-fieid,
first order features of the radiation field, such as the effect of source
growth and propagation on spectral shapes and radiation patterns as a
function of frequency, and asymptotic scaling laws incorporating the ef-
fects of prestress, size of the failure zone, and rupture velocity. The far-
field ‘‘equivalence’” between a growing spherical relaxation source and
a dislocation source with same growth history was shown by Minster
and Suteau (1977); they showed that different equivalent dislocations are
required for transsonic growth of the failure zone, and that the spherical
relaxation mode! differs from the corresponding dislocation by a factor
of 3.6 in moment.

A fair amount of confusion arose from the fact that the early implemen-
tations of Archambeau’s theory used several approximations, the main
ones being:

(1) The transparent source approximation, in which the boun-
dary conditions on the failure zone boundary are not satisfied by the
dynamic field.

(2) The attempt to model localized prestress by iruncation of
the volume integral at a finite distance from the failure zone.

The first approximation could be shown to be a defensible one by
comparison with exact solutions. Hirasawa and Sato (1963) prnduced an
exact solution for the sudden creation of a spherical cavity in a pure shear
stress field; Burridge and Alterman (1972) treated a uniformly growing
spherical cavity, and Burridge (1975) used the results to test the
transparent source approximation. Koyama, Horiuchi and Hirasawa (1973)
gave an exact treatment of the sudden creation of a fluid-filled cavity.
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These solutions have been reviewed by Stevens (1980b), who showed
the equivalence of the transparent solution with a stress pulse applied
on the cavity wall. The main difference between exact and transparent
solutions is that the latter predicts a waveform with an abrupt termina-
tion, whereas the former predicts a broader pulse with damped oscilla-
tions due to scattered fields. Interestingly, the amplitude spectra are much
simpler looking for the exact solution than for the transparent approx-
imation, in the sense that they are much smoother at high frequencies.
Stevens points out that most of the high-frequency structure seen in the
approximate spectra is due to interference between waves which are
allowed to propagate through the ‘‘transparent’’ source, instead of be-
ing diffracted.

More controversial was the attempt to account for the finiteness of
prestressed regions in the earth. Archambeau (1968) obtained a
transparent solution for a spherical cavity under pure shear, but approx-
imated a localized prestress field by simply truncating the initial value
volume integral at some distance from the source. This led to the predic-
tion of a low frequency spectral peak, in conflict with the flat long period
spectra predicted from dislocation models. This discrepancy was a source
of great puzzlement, and much effort was spent to try and identify its
cause. Molnar et al., (1973) showed that a spectral peak could arise from
a dislocation model only (1) if different parts of the fault, but on the same
side of the fault, slip in oppusite directions or (2) if the fault slips back
after exceeding the maximum displacement. On that basis, they suggested
that the spectral pezk predicted by Archambeau’s model was due to lack
of frictional damping.

Randall (1973) was the first to recognize that simple truncation of
the volume integral does not provide a valid approximation of localized
prestress; this was further discussed by Minster (1973), and later by
Snoke (1976), who argued that truncation simply removed long-period
energy from the outgoing radiation fields. Snoke (1976) and Harkrider
(1976) pointed out that, in the time domain, this leads to an acausal ar-
rival generated by the discontinuity in the initial value fields artificially
introduced at the truncation radius. The basic problem with a tiuncated
initial value field is that is violates one of the basic tenets of the theory,
since it does not satisfy the equations of static equilibrium in the alisence
of body forces.

It was not until recently that Stevens (1980a, b, 1982) produced cor-
rect solutions which account for prestress inhomogeneities. He sum-
marizes his conclusions as follows:

(1) Localized stress concentiations increase the amount of
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energy radiated at high frequencies, and may cause a sizable
increase of the corner frequency.

(2) Far-field spectral peaks may be present, near the nodes
of the quadrupole radiation pattern for slight in-
homogeneities, and at all azimuths for strong stress con-
centrations. However, these are high-frequency peaks,
quite different from those discussed earlier. In particular,
the moment is not reduced by stress concentrations.

(3) Radiated amplitudes do not vanish at the quadrupole nodes.

(4) A scattered wave travels around the cavity.

(5) The radiation pattern may be affected, but less so than the
spectra and waveforms.

(6) The waveform generated near the stress concentration is
sharp, but the waveform emitted in the opposite direction
is more complex.

The effects of cavity growth have been reviewed by Stevens (1982).
He concludes that a finite growth rate results in lower amplitude, longer
waveforms (at constant moment), with diffraction effects reduced com-
pared to the instantaneous source.

Another prohlem debated in the context of relaxation versus disloca-
tion models pertains to the source of radiated seismic energy: In a relax-
ation model the source of energy is the prestressed medium surroun-
ding the failure zone; even in an infinite space, the whole medium par-
ticipates in the phenomenon. On the other hand, for a dislocation model,
the source of radiated energy is the fault plane itself.

I think it is somewhat of a semantic debate: ultimately the only source
of available energy is clearly the strain energy stored in the medium before
the event; at the same tinre it is just as clear that seismic waves are
emitted from the source region itself, otherwise kinematic models would
fail to predict observed seismograms.

A satisfactory answer was again given by Stevens (1980b, 1982} who
demonstrated that the stress relaxation problem could be reduced to a
stress pulse problem, both for approximate and exact solutions.

5. Shape and Scaling Laws
of the Seismic Spectrum
From the mid-60’s to the present, discussions of earthquake source
modeling have become more and more oriented toward the retrieval of
physical source parameters from seismic observations. Although the
tendency since the early 70’s has been increasingly to compare observed
and synthetic seismograms in the time domain, many of the arguments
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about the source itself are more easily cast in terms of the displacement
spectrum predicted by the source model.

This is mostly due to the fact that these arguments center around
the amplitude spectrum, which can often be characterized in terms of
relatively few parameters, while time domain information depends heavily
on the phase spectrum, for which simple scaling laws are not available.
Furthermore, complications associated with the propagation of waves
tend to modify the phase spectrum rather severely and in non-intuitive
ways, whereas they typically modulate the amplitude spectrum, without
changing its general shape.

5.1 Shape of the Seismic Spectrum. The proliferation of kinematic
dislocation models in the past two decades stemmed in large part from
the need to predict correctly the shape of the seismic spectrum. There
were two principal purposes for this: (1) to determine physical parameters
of the faulting from seismic measurements, and (2) to uncover and ex-
plain differences between earthquakes and underground explosions {e.¢.,
Wyss etal., 1971). Seismic observations at teleseismic distance are con-
taminated by path effects, attenuation, and scattering. Separation of source
contributions from propagation effects requires that a parameterized model
of the source be constructed, and constrained by additional observations,
such as aftershock distribution, near-field recordings, etc.

Unfortunately, as discussed in detail by Aki and Richards (1980), by
suitable adjustment of the parameters of a kinematic model, it is possi-
ble to change significantly the shape of the corresponding spectrum. The
corresponding variety of predicted far-field waveforms is even greater.

[The far-field regime is defined as the regime where the frequen-
cies of interest are high enough that the source is many wavelengths
away. If the observer is also many source dimensions away, then a point-
source approximation is often appropriate. Requiring that these two con-
ditions be met simultaneously is hest expressed in terms of the classical
Fraunhofer diffraction condition (Aki and Richards, 1980).]

Discussion of the far-field spectral shape is usually in terms of three
parameters, as suggested by Brune (1970); they are

(1) The long-period spectral level.

(2) The high frequency asymptote, usually described by its
logarithmic slope.

(3) The position of the cormer frequency, defined by the in-
tersection of the long-period and high frequency
asymptotes.
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At sufficiently long periods, such that the wavelength is long com-
pared to the source dimensions, (yet short enough that the far-field ap-
proximation holds), the source can be approximated by a peint source
with delta-function time history. This holds, for instance, for the analysis
of long-period surface-waves at large distances from the source, or for
free-oscillation studies. As a result, we expect the corresponding por-
tion of the dis placement spectrum to approach a constant level, propor-
tional to the seismic moment. If, in addition, we assume that the slip
does not show an overshoot, the far-field pulse is unipolar (Molnar et
al., 1973), and the amplitude spectrum is 2 maximum at zero frequency.

At sufficiently high frequencies, the spectrum becomes sensitive to
fault geometry and slip history:

(1) Rupture propagation over a fault of finite length has a
smoothing effect which contributes a logarithmic slope of
—1 at high frequency.

(2) A finite rise time increases the slope to - 2.

(3) If one takes finite width into account, the slope be-
comes —3.

As summarized by Aki and Richards, a number of additional factors
can affect the high frequency slope. However, the main one pertains to
the existence of ‘‘stopping phases’’, a term introduced by Savage (1:266).
The meaning of the term can be generalized to include any source
phenomenon which generates a large high-frequency contribution to the
displacement spectrum. Such is the case, for example, if the rupture
velocity changes abruptly (e.g. drops to zero), or if the slip is frozen in-
stantaneously over a large fraction of the fault surface. The contribution
to the high-frequency displacement spectrum depends on the singularity
generated in the far-field time function. For example, a square-root
singularity subtracts % from the spectral slope, while a step-function sub-
tracts 1 from it. Ultimately, it is the strongest singularity in the time func-
tion which determines the high-frequency spectral slope. Geometrical
factors also come into play: it the circular fault model of Mov.ar et al.,
(1973), the spectral slope varies from —3 to —2 depending on the azimuth
of observation relative to the normal to the fault plane. (A similar behavior
was discussed by Minster and Suteau (1977)). In contrast, models which
are designed not to generate stopping phases typically yield a high-
frequency slope of -3 (e.g., Dahlen, 1974).

An imporiant aspect of stopping phases is that they contain informa-
tion about the size of the fault at the time when they are generated. In-
tuitively, a late stopping phase is generated by a large source and pro-
duces a large amount of radiated energy, so that its contribution dominates
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the high-frequency spectrum. On the other hand, the spectrum produced
by a model without a stopping phase produces a high-frequency asymp-
tote which does not depend on source size. For instance, in the self-
similar fault model investigated by Dahlen (1974), the rupture is allowed
to stop smoothly and the high-frequency asymptote depends on rupture
velocity and particle velocity (rise time) but not on the final source
dimension.

For relaxation models, the shape of the seismic spectrum depends
primarily on two parameters, namely the rupture velocity and the distribu-
tion of prestress (Archambeau, 1968, 1972; Minster, 1973; Stevens,
1980a, b). For subsonic growth of the failure zone, the high-frequency
slope is —3 for both P-wave and S-wave spectra; for trans-sonic rup-
ture velocity the S-spectrum has a slope of —2; for supersonic rupture
velocity, such as might be expected for the cavity created by an explo-
sion, both spectra exhibit a slope of —2. In addition to these general
results, the analysis of Stevens (1980b) shows that spectral peaks may,
in fact, exist at some or all azimuths if the prestress field is sufficiently
inhomogeneous. For a weakly inhomogeneous prestress, a spectral peak
appears only near the nodes of the quadrupole, where most of the radia-
tion is contributed by higher order multipoles; for a strongly in-
homogeneous prestress, the spectra may be peaked at all azimuths.

Recent numerical modeling of complex earthquake ruptures, which
I have reviewed earlier, also leads to variations in the spectral shape.
This is mostly due to abrupt changes in rupture velocity, associated either
with strength inhomogeneities (e.g., Das and Aki, 1977b) or with stress
variations along the fault (e.g., Day, 1982b). These abrupt changes lead
to stronger high-frequency radiation than in the case of a smooth rup-
ture, and can affect significantly the spectral shape at individual azimuths.
However, Das and Aki (1977b) conclude that if the barriers on the fault
remain unbroken, the corner frequency averaged over all azimuths is
essentially unaffected; it is decreased slightly if the breakage of these
barriers is merely delayed.

5.2 Scaling Laws and Stress Drops. Aki (1967) was the first to
try and systematize the scaling laws of the seisinic spectrum, based on
two models which he called the ‘‘omega-square’’ and ‘‘omega-cube’’
models, based on their respective high-frequency asymptotic behavior.
Since then the problem has been revisited by a number of investigators,
who used the various source models discussed in the preceding sections.

The basic scaling of the spectrum is due to the fact that, at constant
stress drop, the long-period level is proportional to the third power of
the nominal faclt dimension, while the corner frequency is inversely pro-
portional to that dimension. Thus, for a self-similar family of models, the
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locus of the corner itself is a straight line with slope —3 (see Hanks and
Thatcher, 1972). As a result, if the high-frequency spectral siope is ~ 3,
the spectrai amplitude at a given frequency does not exceed a maximum
value as the fault size increases; any magnitude scale which is based on
measurements made at u particular frequency ultimately saturates. On
the contrary, if the high-frequency spectral slope is —2, no such satura-
tion occurs, since the spectral ieve! at any frequency can increase without
bounds with increasing fault dimension. Based on the data then available,
Aki (1967) preferred the second alternative, but Hanlas (1979) showed
that this type of argumnent, based on spectral amplitude, does not
necessarily carry over to time-domain magnitudes, unless all the energy
contributing to the relevant frequency band arrives at a single instant
of time. However as we shall see, things have become somewhat more
romplicated as better and more numerous data have been collected.

For relaxation models, the scaling laws are very similar (Archambeau,
19638; Minster, 1973). The high-frequency spectral slope depends on the
relative values of the rupture velocity and the wave speed and, for the
nwdels calcuiated, the spectral level is directly proportional to the
prestress ievel. For subsonic rupture velocities, these models predict
saturation of magnitude scales (Minster, 1973).

‘That the long-period spectral level should scale linearly with moment
iz a common feature to all models, More controversial are (1) the posi-
tion of the comer frequency, and (2) the high-frequency spectral slope,
which ! have discussed earlier,

A difficulty raised by some kinematic fault models, is that they predict
a higher comer frequency for S-waves than for P-waves (e.g., Savage,
1872; Dahlen, 1974). In contrasi, other models, such as that of Molnar
et al., (1973}, or the relaxation models (Archambeau, 1968; Minster, 1973)
predict just the opposite. Point sources endowed with a single time func-
tion predict the same corner frequency for both P- and S-spectra. In many
cases, observations show the dominant period of S-waves to be longer
than the dominant period of P-waves, by 30% to 50% (e¢.g., Furuya, 1969;
Hanks, 1981). This led Hanks (1981) to challenge the validity of earth-
quake modeling wia waveform matching by synthetic seismograms
calculated fromn a point source or a superposition of point sources, as
performed by Burdick and Mellman (1976) or by Langston (1978), as
well as the estimate of attenuation by Burdick (1978). On the other hand,
Langston (1978) showed that surface reflections such as pP and sP. could
have a severe effect on measured far-fieid spectra, pussibly result in
peaked spectra, and thus jeopardize the correctness of spectral estimates
of moment and corner frequency from teleseismic observations such as
those of Hanks and Wyss (1972). 1 believe that the ensuing polemic has
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not been resolved to the satisfaction of all involved, and appeared at times
to be conducted at cross purposes. In a way, it points to the dangers
involved in trying to characterize complex phenomena in terms of simplified
models; although this is obviously the first thing to try, better and more
numerous data i invariably result in a need for more realistic treatments,
incorporating aii known aspects of the phenomenology.

A recent discussion of the corner frequency shift from a novel point
of view is given by Silver (1983). He uses a spatio-temporal moment ten-
sor expansion of degree two to define a new characteristic radiation fre-
quency for both P- and S-waves, in the same manner as Silver and Jor-
dan (1983), and compares it to the classical definition of corner frequen-
cy in terms of intersecting asymptotes. Interestingly his definition yields
a higher P- wave corner frequency for any dislocation model of a finite
source, so that the ‘‘corner frequency shift’’ cannot be used to discrimi-
nate between models, He further argues that corner frequencies actual-
ly measured from far-field body wave data should in fact be compared
to the characteristic frequency defined from the second temporal mo-
ment, rather than to the intersection of low- and high-frequency asymp-
totes. I shall return to moment tensors in a later section,

One of the most interesting discoveries about seismic sources is the
near constancy of apparent average stress drop over a large range of
event sizes, measured by moment and source dimension. Brune (1970)
devised a simple method for estimating stress drop from the corner fre-
quency and seismic moment using a circular crack model. This method
has been used systematically by Hanks and Thatcher (1972) for small
to medium size earthquakes, and the results have been summarized by
Hanks (1977). They show a systematic trend between the logarithms
of moment and source radius over nearly ten orders of magnitudes in
moment, with inferred stress drops confined between 1 and 100 bars.

Kanamori and Anderson (1975) showed that the same relationship
holds for great earthquakes as well, for which moment is determined
from long period observations (surface waves and free oscillations) and
source dimension from a variety of observations ranging from aftershock
distribution to static deformations and tsunami source area. They then
used the Haskell model and simple geometric considerations to provide
a theoretical basis for a variety of empirical scaling relations, including
magnitude vs. moment, energy and fault area, as well as the well-known
magnitude-frequency distribution of earthquakes.

The constancy of stress drop with earthquake size was reviewed
by Aki (1980), who also presents additional resuits obtained for small
earthquakes by the coda method developed by Aki and Chouet (1975).
The key conclusion reached by Aki is that the observed scaling of the
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- seismic spectrum does not quite satisfy the laws predicted on the basis
', of a simple, smooth rupture model. For example, within a given region,
there is evidence that stress drop increases with earthquake size at small

‘ magnitude, and that the high frequency slope increases with magnitude

; at larger magnitudes, two effects which tend to limit the variations of
comer frequency with magnitude. This is supported by observations made
by Johnson and McEvilly (1974) on central California events with

t magnitudes 4 to 5.

As discussed by Aki (1980), a barrier model of the source is capable
of explaining these observations, if the barriers have a characteristic
separation distarice. Furthermore, the inferred local stress drops can be
an order of magnitude larger if a barrier model is invoked, aud thus be

i comparable with the stresses needed to fracture rocks in the laboratory
(~ 1000 bars). Similar conclusions, based on comparable arguments, have

; been reached by Madariaga (1978), Rice (1980) and Rudnicki and

; Kanamori (1981).

‘ Further evidence bearing on the problem is provided by the work
of Sykes and Sbar (1973) who showed that intraplate earthquakes point
to the presence of large (100 bars) horizontal compressive stresses in
the interior of plates. For mid-plate earthquakes, Liu and Kanamori (1980),
found stress drops of a few hundred bars; such variations have been con-

‘ firmed by a number of recent investigations. Very large observed stress

Q drops, inferred from near-source high frequency observations are reported

more and more frequently in the literature. A recent instance is the work

§ of Munguia and Brune (1984), who find stress drops ranging from as low

' as 1 bar to as high as 2.5 kbars for a swarm of events on Baja California.
comparison with earlier stress drop estimates for events in the same
region {e.g., Thatcher and Hanks, 1973) make it increasingly clear that
significant tradeoffs between inferred source properties and path effects

| (attenuation) must be sorted out carefully. This raises of course impor-

‘ tant questions for discrimination, yield estimation, and for the release

of tectonic prestress by underground explosions.

The existerice of very high stress drop events in regions where con-
ventional wisdom would only allow low stress drops tends to support
the asperity model. This model was applied to the study of large sub-
duction zone earthquakes by Lay et al., (1982), who show enormous
variability of the mode of failure from region to region, from strong coupling
in the form of large asperities, to practically complete decoupling. Addi-
tional supporting evidence is found in the work of Ebel and Helmberger
(1982), who reanalyzed the 1968, April 9, Borrego Mountain earthquake,
and modeled it m terms of two short-period sources with stress drops
of several hundred bars. Furthermore, they argue that the absence of
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aftershock activity or post-seismic creep near the probable location of
these sources is consistent with the hypothesis that the event was trig-
gered by the failure of an asperity.

Additional support for the asperity model is provided by an increas-
ing number of instanccs where small earthquakes yield almost identical
recordings, indicating that they all have practically identical source regions
(Geller and Mueller, 1980).

The general question of asperity versus barrier models of complex
earthquake sources is the focus of a considerable amount of current
research. It is clear that simple scaling laws of the seismic spectrum do
not accommodate easily this type of complications, and must be considered
only as a rather crude approximation. This does not mean, however, that
simple scaling laws are useless. Indeed, the body of high quality near-
field observations is still relatively limited; they are totally lacking in most
seismic regions, where we only have access to teleseismic observations,
for which use of the scaling laws is prohably justified.

The effect of spectral scaling on the distribution of magnitudes and
more specifically on the relation between body wave and surface wave
magnitudes was reconsidered by Geller (1976). He used a self-similar
family of Haskell-type models, with a high frequency slope of —3 to ac-
count for fault width, and argued that it satisfies the body wave and sur-
face wave data of Evernden (1975) better than the ‘‘omega-square’” model
preferred by Aki (1967). As aresult, he finds that both types of magnitudes
should be bounded, with a maximum value of about 6 for body waves,
and about 8.2 for surface waves. A similar conclusion had been reached
on the hasis of scaling laws for the spherical relaxation source model by
Minster (1973), although in that case, the bounds are linearly propor-
tional to prestress. However, this argument has been challenged by Hanks
(1979), on the basis that magnitudes are measured in the time domain,
and that spectral amplitudes can be misleading for extended sources, since
the energy at, say, 1 Hz may be distributed over a finite time window.

Saturation of the conventional magnitude scales with increasing source
size (when the source dimension exceeds the wavelength of the waves
used in magnitude measurements) leads to serious underestimation of
the energy released in great earthquakes. This led Kanamori (1977, 1978)
to quantify such events by using the moment—a static concept—to
measure the sizes of very large events. For convenience in comparing
this new magnitude measure based o moment and the magnitude-energy
relation. Accordingly, the 1960 Chilean earthquake, with a classical sur-
face wave magnitude of 8.3, is now assigned an equivalent magnitude
of 9.5. The concept of a moment-magnitude scale was extended by Hanks
and Kanamori (1979), but some pitfalls were subsequently discussed by
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Boore (1983), in particular the fact that spectra from different types of
earthquakes do not necessarily scale with moment in the same way.

It is clear that since the early work of Aki (1967), we have grown
to perceive the earthquake phenomenon as being infinitely more com-
plex and varied than simple models can account for. It is probable that
continuing work will only enhance that perception, unless general laws
can be formulated which have sufficient predictive power that they lead
to a reduction of the problems to fewer, but more fundsmental phy:izal
questions.

6. Explosion Sources

Underground nuclear testing naturally led to considerable research
on the elastodynamic radiation associated with buried explosions. The
subject can be logically separated into the study of the simple, isotropic
spherical waves generated by a simple mode] of the explosion itself, and
that of the ‘‘anomalous radiation’’, by which is meant any wavefield
demonstrably generated in the near vicinity of the shot point at or near
the time of the detonation. The importance of the problem stems from
its consequences for discrimination between earthquakes and explosions,
and for the estimation of explosion yields from seismic observations.

Recent reviews of these topics are given by Masse (1981) and by
Bache (1982); I shall only touch on the highlights.

6.1 The Spherically Symmetric Explosion Source. Perhaps the
simplest kind of seismic source to study analytically is the explosive (or
implosive) source in a uniform, homogeneous, isotropic elastic medium.
One of the early solutions is that of Jeffreys (1921) who considered the
wave field generated from a pressurized spherical cavity. a more detafled
treatment is that of Sharpe (1942). For most purposes, the problem is
greatly simplified: since seismic wavelengths are usually longer than the
so-called *‘elastic’’ radius, one can retain good accuracy by reducing the
source to a point of dilatation, wkich is then entirely characterized by
a source time {..n-uon. Furthermore, as long as spherical symmetry holds
and anelast. - effects near the source can be neglected, the wave field
can be repr- _ented near the source in terms of a scalar ‘‘reduced displace-
ment poten: al’’ or, by suitable differentiation, a scalar ‘‘reduced velocity
potential’’ valid in the elastic region around the source (e.g., Hudson,
1969).

A direct but rather complicated analytical treatment of a spherical
source in a half-space was given by Ben-Menakem and Cisternas (1963).
This solution has not been used very much, because cases where the
free surface must be taken inte account as part of the source region
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surrounding a buried explosion can either be treated using standard wave
propagation techniques (e.g., Burdick and Helmberger, 1979), or else
involve nonlinear interactions such as spalling (see Day ef al., 1983).

A variety of different models have been proposed in the literature
(e.g. Toksoz et al., 1964; Haskell, 1967; von Seggern and Blandford,
1972). A commonly used one was derived empirically by Mueller and
Murphy (1971) and Murphy and Mueller (1971) who account in a simple
way for departures from the classical ‘‘cube-roct-yield’’ scaling of the
seismic spectrum by including the effects of depth of burial, and of the
containing medium. The corresponding seismic spectra typically show
a slope of ~2 at high frequency.

The choice of time function appropriate for underground explosions
has been re-examined by Burdick and Helmberger (1979), who show that
it is possible to explain teleseismic short- and long-period body wave
seismograms without recourse to aspherical nonlinear processes in the
source region, provided that the time function exhibits substantial over-
shoot. They use the parameterization proposed by von Seggern and Bland-
ford (1972) because of its simplicity, which makes it attractive for inver-
sion purposes.

Although the pressurized cavity model is, in principle, sufficient to
represent the ‘‘free field’”’ from a spherically symmetric source, there
rermains a number of unresolved questions about the radius of the cavity
and the pressure history, and their dependence on source setting. These
problems are usually described under the generic term of ‘‘source coupl-
ing’’. Source coupling has been reviewed recently by Bache (1982); the
butk of current research on theoretical modeling of near-source phenomena
relies on nonlinear one- and multi-dimensional numerical calculations, which
depend in turn on parameterized rheological models for the confining
medium. Some of the important effects which are included in recent model-
ing efforts include:

(1) The material strength: coupling increases as material
strength decreases.

(2) The porosity: coupling decreases rapidly with increasing
air-filled porosity.

(3) Tension failure: tension cracks are produced as a result of
hoop stresses associated with the spherically expanding
stress wave, and spallation results from interactions with
the free surface.

Furthermore, material strength may drop sharply if some fluid-filled
porosity remains after the air-filled porosity has been crushed out by shock
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loading, aithough this effect is more controversial and has not been
demonstrated unambiguously. As discussed by Bache (1982), there re-
main puzzling difficulties in reconciling models with observations. Perhaps
the one which has offered the most resistance to the modelers’ efforts
is the discrepancy between U.S. granite explosions at NTS and French
granite explosions in the Sahara. After they have been scaled to a com-
mon yield, cavity volumes reported for the French tests (e.g., Duclaux
and Michaud, 1970) remain about a factor of 3 smaller than those observed
for U.S. tests, although the material strengths are comparable, based
on laboratory samples and available near-field measurements. The ob-
served body wave magnitude for the French test SAPHIR is then larger,
by 0.3 to 0.5 magnitude units, than the PILEDRIVER magnitude would
be if PILEDRIVER were scaled to the same cavity size. This points to
the possibility of strong path effects which cancel the source coupling
differences, or to shortcomings of the source models (Bache, 1982).
Another phenomenon, which has not yet been incorporated
systematically in the source models, is near-field, amplitude-dependent,
and thus nonlinear attenuation in the region surrounding the cracked zone,
where strains are still large. Although this effect could be properly con-
sidered a wave propagation phenomenon, it is confined to the near-source
region, and can be incorporated in a model of an effective source (Minster,
1982). Larson (1982) reviewed near-ficld data for explosions in salt, and
illustrated the validity of cube-root scaling over ten orders of magnitude
in vield for this material, from gram-size laboratory tests, to the COWBOY
cheinical expiosions and the SALMON nuclear test. He compared detailed
near-field waveforms recorded in the laboratory and concluded that

(1) Apparent attenuation is amplitude (and frequency) depen-
dent, and thus aonlinear well beyond the radius where the
material fails, and

(2) Linear superposition of waveforms seems to hold in that
region.

These two apparently contradictory statements have not yet been
satisfactorily reconciled. Preliminary results indicate that the decay of
peak velocity and peak displacement with scaled radius observed for the
COWBOY shot sequence are consistent with laboratory measurements
of amplitude dependent attenuation in salt (Tittman, 1983; Minster and
Day, 1984). However, a realistic and physically correct source model
which accounts for these effects has not yet been produced, partly because
numerical schemes which account for a realistic absorption band have
not been available until recently (Day and Minster, 1984).
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6.2 Departures from Spherical Symmetry. From the very begin-
ning, it was noticed that the surface waves excited by underground nuclear
explosions could not be explained by a simple spherically symmetric source
(e.g., Oliver et al., 1960). This observation has led to one of the most
enduring problems of explosion source theory, which has not been com-
pletely resolved yet. It pertains to the generation of SH and Love waves
and to the anomalous excitation of Rayleigh waves by explosions. The
question has obvious importance for discrimination between earthquakes
and explosions, since those explosions which excite significant anomalous
radiation exhibit earthquake-like character; it is also important for yield
estimation, since the question must be answered of whether the
nonisotropic component increases or decreases magnitude estimates.

Various hypotheses advanced to explain this phenomenon have been
reviewed by Aki and Tsai (1972), Archambeau (1972), Masse (1981),
and Bache (1982). They are:

(1) Mode conversion due to heterogeneities near the source
and along the wave path.

(2) Direct effects of the explosion, due to anisotropy near the
source, crack formation, block motions, or due to the in-
itial shape of the cavity.

(3 Release of tectonic stress, either through the triggering
of motion along a preexisting fault, or through tectonic
release permitted by the introduction of the cavity and the
surrounding crushed zone into a prestressed medium.

The first class of explanations invokes mode conversion due to in-
homogeneities near the source and along the path. The work of Brune
and Pomeroy (1963) and Aki (1964) eliminated this hypothesis. The lat-
ter showed that Love and Rayleigh wave arrivals were consistent with
a common source location and time, and the former observed that while
the explosion itself could generate both Rayleigh and Love waves the
subsequent cavity collapse did not,

An alternate explanation calls for direct effects in the immediate
neighborhood of the shot point.

Asymmetry of the radiation pattern due to near-source phenomena
such as formation of new cracks or block motion was first advanced by
Kisslinger et al., (1961) who showed that SH waves were generated by
small explosions detonated in soil. This hypothesis is an interesting one
because it does not require the presence of tectonic prestress. It re-
mained of secondary interest until the mid-70's, when observations of
the MIGHTY EPIC and DIABLO HAWK tests showed significant
displacements at depth along preexisting faults and joints (Bache and
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Lambert, 1976). A simple analytical model of a slipping joint triggered
by a nearby explosior was proposed by Salvado and Minster (1980), and
extended to more realistic boundary conditions by large scale three-
dimensional numerical modeling by Stevens ef al., (1982). Although the
question is far from resolved, preliminary results indicate that significant
perturbations to the long-period radiation field can be generated by this
mechanism through conversion of incident P-waves into S-waves, pro-
vided that slip on the joint is not axisymmetric, due either to the prox-
imity of the free surface or to a small amount of prestress.

A somewhat similar mechanism was simulated numerically in two
dimensions by Andrews (1973); he required relatively large stresses on
the preexisting fault, however. In a similar vein, Masse (1981) suggested
that explosion-induced thrust faulting around the shot point may contribute
a significant component of anomalous radiation.

Another possibility which has apparently not been examined in detail
has to do with anisotropy of the medium in the neighborhood of the shot
point. An organized system of weak joints with preferential orientation
can lead to gross anisotropy of the medium (e.g., Morland, 1974a,b).
Further, Kisslinger et al., (1961) report a preferential orientation of the
cracking pattern in response to explosions in soil. Analysis of dislocation
sources in an anisotropic medium by Kawasaki and Tanimoto (1981) shows
that the moment tensor always has a nonzero trace in that case, and the
radiation pattern can be quite different from that of a double-couple. It
is reasonable to conjecture that the converse is true, and that an explo-
sion detonated in an anisotropic material will result in nonisotropic radia-
tion, although the magnitude of the effect is a matter of speculation at
this stage.

By far the best studied mechanism, relaxation of tectonic stress as
the source of anomalous radiation from underground explosions, remains
a subject of current research. Two competing models have been pro-
posed in the literature, namely

(1) Release of tectonic stress caused by the introduction of the
cavity in a prestressed medium (Press and Archambeau,
1962; Archambeau, 1964, 1968, 1972, 1973; Archambeau
and Sammis, 1970; Smith ¢ al. 1969; Harkrider, 1977), and

(2) Triggering cf an earthquake quasi-synchronous with the ex-
plosion (Brune and Pomeroy, 1963; Aki, 1964; Aki ef al.,
1969; Aki and Tsai, 1972).

If the prestress is purely deviatoric and uniform in the neighborhood
of the shot point, either type of explanation leads to the superposition
of a quadrupolar (double-couple) field on the intrinsic explosion monopole.
The relative strengths of the two contributions is measured by the
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so-called F-factor, introduced by Toksoz, et al., (1965) as the ratio of
the double-couple and explosion energies.

Quantitative estimates of F-factors for U.S. explosions were obtained
by Toksoz and Kehrer (1972a, b), under the assumption that the doubie-
couple has a strike-slip orientation. They found values generally less than
1, with some exceptions, notably the granite explosions PILEDRIVER
and HARDHAT, with F-factors near 3.

Arguments against tectonic relaxation, and in favor of triggered
faulting, have been presented by Aki and Tsai (1972) and may be sum-
marized as follows:

o The triggered event model can explain the Love wave obser-
vations for several NTS explosions, assuming a strike slip
disiocation model with dimensions comparable to the extent
of the aftershock distribution—particularly for BENHAM
(Hamilton and Healy, 1969)—, and a low stress drop of order
10 bars, consistent with comparable estimates for earth-
quakes.

® In contrast, at least in some cases, the strain relaxation model
may require large prestress levels (on the order of 1000 bars),
and the strain energy release calculated using Honda’s (1960)
cavity model is much larger than the total seismic energy
estimated from the body wave magnitude.

Counter-arguments have been presented by Archambeau (1972,
1973), and Lambert et al., (1972), who performed a detailed analysis of
the surface waves generated by BILBY and SHOAL, and compared these
explosions with a nearby earthquake (July 20, 1962, near Fallon, Nevada).

o Although the earthquake surface waves can be explained in
terms of a double-couple source at long periods, fault pro-
pagation effects cause asymmetries in the radiation pattern
at short periods.

¢ On the other hand, surface waves from the explosions do not
exhibit asymmetries attributable to fault propagation in the
same period range.

¢ Both the radiation pattern and the amplitudes of the Love
waves generated by BILBY can be explained by the model
of Archambeau and Sammis (1970) for reasonable values of
rrestress (70 bars) and cavity radius (420 m). Furthermore,
the source dimension inferred for the anomalous radiation from
BILBY from surface wave spectra is much smaller than the
dimension required for a fault which would give the required
total energy release.
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They conclude that the surface wave observations for these events
are consistent with tectonic energy release due to the explosion-created
shatter zone, and not with triggered faulting. (An interesting modeling
experiment was performed by Day et al. (1982), who showed that a
nonlinear numerical calculation of the stress relaxation phenomenon yield
results in good agreement with the linearized theory formulated by
Archambeau and his co-workers. Additional work is required, however,
before it can be concluded that this should be generally the case.)

Masse (1981) offered a critique in which he summarized difficulties
encountered with both types of models, among which:

¢ Surface faulting associated with underground explosions often
involves significant ve- -al displacements, and smaller horizon-
tal displacements, in aisaccord with the hypothesis of a strike-
slip triggered event.

« It is difficult to correlate the distribution of tectonic aftershocks
following the BENHAM explosion with surface ground frac-
tures in spite of the shallowness of the hypocenters.

* Not only are Rayleigh wave trains often similar from explo-
sion to explosion in a given source area, but the Rayleigh
waves generated by the cavity collapse are often phase-
reversed and scaled-down copies of those generated by the
explosion itself, Whenever this is true, it argues against signifi-
cant tectonic release or large-scale faulting. (There are,
however, conspicuous exceptions discussed below.)

e As recognized by Aki and Tsai (1972), the left-lateral surface
motion observed along the Boxcar fault after BOXCAR, is
inconsistent with the Rayleigh-wave radiation pattern. In ad-
dition, the BOXCAR aftershock sequence may have been the
result of stresses generated by the explosion itself, rather
than by tectonic prestress, based on the historic seismicity
of the area. Finally, the decay of strain after BENHAM is dif-
ficult to explain if large scale faulting is associated with the
explosion.

Based on these and other arguments, Masse advocates a mechanism
analogous to the block motions discussed earlier, with explosion-induced
thrust faulting around the explosion; to my knowledge, this hypothesis
has not been tested extensively.

Fairly recently, the excitation of Rayleigh waves by nuclear
underground explosions became the object of renewed attention, following
the observation of phase-reversed Rayleigh waves from some East Kazakh
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tests (e.g. Rygg, 1979). North and Fitch (1984) confirmed that such an
occurrence is not uncommon, and that for some events Rayleigh waves
are phase-reversed at all observed azimuths, As discussed by Bache
(1982), an additional clue Bies in the significant delay (up to several seconds)
associated with the anomalous surface waves. Vieceli (1973) formulated
a theoretical argument favoring spall slap-down as a possible mechanism
for the anomalous surface wave excitation, and Murphy (1977) noted that
the slap-down model might explain apparently anomalous surface wave
amplitudes observed for high-yield explosions. However, Bache ¢f al.
(1982), examined the nonlinear free surface interaction for two-dimensional
numerical simulations and concluded that spall effects could not affect
Rayleigh wave amplitudes significantly. Their analysis was generalized
by the work of Day e al. (1983), who demonstrated that the early models
were flawed and did not conserve momentum.

On the other hand, these conclusions only hold at long-enough
periods. For body waves, and for short period surface waves, nonfinear
interactions with the free surface could well be significant (Day & al. 1983).
In addition, Burdick and Helmberger (1979) found that they needed to
lower the P-wave velocity in the shallow layers above the CANNIKIN
shot point in order to explain the timing of the pP phase. They suggested
that velocities in the crushed zone above the shot point might be lowered
by as much as 25% in that case.

North and Fitch (1984) showed that a thrust-oriented double-couple
superposed on the explosion monopole can explain the anomalous Rayleigh
waves; this particular orientation is the most efficient one for teleseismic
P-waves as well. On the other hand, Bache (1976) demonstrated that
the tectonic release contributes negligibly to the P-wave signature if the
prestress is uniform pure shear. As shown by Stevens (1980b) this is
not necessarily true if prestress concentrations exist near the source;
in that case, anomalous P-waves could be produced for selected direc-
tions, aithough it might well be difficult to untangle source effects from
wave propagation effects due to near-source structural complications.

Scott and Helmberger (1983) used the Kirchhoff-Helmholtz integral
techuique to study near-source wave propagation above the shot point
of an underground explosion in the spall zone. Based on a simplified
model-—a gap in the free surface—they find that the free surface reflec-
tion coefficient can be affected in a way compatible with the observa-
tions of Helmberger and Hadley (1981). They can also explin delays
in the pP phase comparable to those described above (see also Shum-
way and Blandford, 1980). These results are preliminary, however.

By and large, perturbations of the body-waves by near-source com-
plications is an unresolved observational and theoretical problem, in the
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sense that it is difficult to separate unambiguously source and path ef-
fects, since we need a much more detailed knowledge of both sources
and earth structure st short wavelengths.

7. Moment Tensor Representations

The 60’s might be characterized as the decade of the double-couple,
the dislocation and relaxation source models, and the scalar moment. The
70's, on the other hand, might be characterized as the decade of numerical
models, and of moment tensors. The moment tensor representation of
a seismic source is a particularly usefui one since the displacement field
can be shown to depend linearly or the components of the moment
tensor, so that the inverse problem is greatly simplified, and automated
source parameter retrieval made possible. This explains the steady growth
in popularity of this particular representation over the past 10 to 15
years.

In this representation, a seismic event is described by ten parameters:
its origin time, spatial location, and moment tensor, the latter account-
ing for six parameters. A fully specified moment tensor includes an
isotropic component, which permits the representation of explosive
sources or volumetric sources with volume change (¢.g. sudden phase
transitions). If one assumes g priori that the source is a dislocation, then
only four components of the moment tensor are needed; they are mere-
ly another representation of the three parameters required to describe
the fault plane geometry, plus the scalar seismic moment.

7.1 Moment Tensors and Source Theory. The earliest mention
of a spatial moment expansion of the source I have been able to find was
made by Archambeau (1964, 1968), who also recognized the tensorial
character of the coefficients, and related them to multipole moments.
However, the introduction of ‘‘the’”’ mement tensor as used in the
seismological literature is usually credited to Kostrov (1970), although
Randall (1570) arrived at the conclusion (apparently independently) that
the ‘‘seismic moment is properly a tensor’’. The latter author also related
the concept to the muitipole representation (harmonics of degrees zero
and two) used previously by Knopoff ard Randall (1970) and Randall and
Knopoff (1970). Any mechanism in which only the monopole and
quadrupole are excited can be specified in terms of a symmetric, second
order moment tensor, equivalent to a linear combination of couples with
no net torque.

Gilbert (1971, 1973) recogunized the power of moment tensor
equivalent point sources as applied to the excitation of free oscillations
of the earth; the linear dependence of the displacement field on the com-
ponents of the moment tensor further allowed him to formulate a linear
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inverse problem for the retrieval of source parameters from very low
frequency observations, for which the point source approximation is ob-
viously valid, and for which the time function may be approximated by
a step.

Gilbert argued that the moment tenscr could be considered as the
volume integral (over the whole earth) of the static stress drop associated
with the event. This was criticized by Backus and Mulcahy (1976a, b)
who argued that the moment tensor density, whose divergence yields
the equivalent body forces, is not uniquely defined, and that the stress
drop is not an appropriate moment tensor density, since it ignores gravita-
tional changes. They introduced the “‘stress glut’’ as the difference bet-
ween actual stress in the earth and that calculated from the displacement
field using an assumed rheology (the ‘‘model’’ stress), and argued that
stress gluts are the most appropriate moment tensor densities to use
in seismological applications. Stress gluts can be related to the ‘‘stress-
free strain’’, a concept used by Eshelby (1957) to study static inclusion
problems, and present the advantage that they vanish outside the source
region.

Backus and Mulcahy (1976a) further proposed a general formalism
for polynomial moment expansions, both in space (see also Archambeau,
1968) and in time. They showed that the only moments of seismological
int=rest are those of the equivalent forces. Such expansions are useful
for the description of sources which can be considered to be localized
in space and time, namely:

(1) For the wavelengths of interest, the spatial expansion can
be truncated to a few moments of low degree

(2) For the periods of interest, the Fourier spectrum of the
moment rate tensor varies slowly with frequency

In such cases, the source may be represented adequately by the
first few terms of a2 moment expansion about its spatio-temporal cen-
troid. Through use of singular generalized functions, the theory was then
extended to the case of sources with displacement discontinuities (Backus
and Mulcahy, 1976b), and used by Backus (1977a, b) for a detailed treat-
ment of sources with moments of degree two.

Jobert (1977) used the concept of ‘‘stress glut”’ to demonstrate that
a conhuous medium cannot sustain the action of a dipole source without
faulting (creation of a displacement discontinuity), and further that a
dislocation is in fact equivalent to a continuous infinity of sets of three
dipoles. The classical equivalence with a distribution of orthogonal dipoles
is thus only a special case without physical significance.
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As a phenomenological or kinematical representation of the source,
the moment tensor has been very successiit! indeed, as we shall see.
However, more work is needed to relate it to the dynamics of the failure
process, since the true stresses and displacements are not known in the
earth, and since estimates of the ‘‘model’’ stress depend both on the
approximation made for the displacement and on the assumed rheology
(e.g. Archambeau and Scales, 1984).

7.2 Applications. The contributions of Gilbert (1971, 1973) trig-
gered a series of investigations of the source mechanism which used the
moment tensor formalism (¢.g. Dziewonski and Gilbert, 1974; Gilbert
and Dziewonski, 1975; Gilbert and Buland, 1976; McCowan, 1976;
McCowan and Dziewonski, 1977; Stump and Johnson, 1977; Mendiguren,
1977; Strelitz, 1978, 1980; Okal and Geller, 1979; Patton and Aki, 1979;
Ward, 1980a, b; Deschamps ef al., 1980; Patton, 1980; Kanamori and
Given, 1981; Dziewonski ef al., 1981; Silver and Jordan, 1982, 1983;
Doombos, 1982; Dziewonski and Woodhouse, 1983).

Among the advances described in these papers, 1 shall mention three:

(1) Evidence for an isotropic component of radiation for some
earthquakes

(2) Evidence for the existence of ‘‘slow’’ earthquakes

(3) Development of fast, automated source mechanism deter-
mination techniques

Dziewonski and Gilbert (1974) and Gilbert and Dziewonsii (1375)
detected a slow compressive, perhaps precursive, component of the rup-
ture process for two deep events. On the other hand, Okal and Geller
(1979) pointed out the inherent difficulties in trying to detect an isotropic
source component based on fundamental mode observations. More recent-
ly, Silver and Jordan (1982) developed optimal estimations techniques
for scalar invariants of the moment rate tensor. The estimates are op-
timized by minimization of a positive semi-definite quadratic form which
accounts for the bias introduced by lateral inhomogeneities (Patton and
Aki, 1979) and by ambient noise. Since the method also vields an estimate
of the variance of the solution, they can formulate statistical tests of various
hypotheses about the source mechanism. Furthermore, their treatment
permits the use of prior informatica about the source mechanism in the
form of prior probability densities on the solution, which allows them to
eliminate the negative bias in moment estimates caused by the degeneracy
of the problem for shallow sources (Kanamori and Given, 1981). Direct
estimation of the scalar invariants of the moment tensor is also a superior
approach since it can be shown that the values calculated by inversion
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for the moment tensor itself are biased estimators (Silver and Jordan,
1982).

Silver and Jordan (1982) applied their method to two earthquakes,
a deep one (1978 March 7, Honshu), and a shal'ow one (1978 November
29, Oaxaca). In the first case, they tentatively conclude that an isotropic
component is indeed resolvable, based on data dominated by overtones,
which circumvents the inisgivings of Okal and Geller (1979). Dziewon-
ski and Woodhouse (1983) examined the deviation from a double-couple
mechanism for a large number of events, using automated analysis tech-
niques described by Dziewonski ef al. (1981), in which it is assumed that
the moment tensor is traceless, that is, purely deviatoric. Dewviations from
a pure double-couple mechanism are rather common, for both shaliow
and deep-focus events, although their significance has not yet been
established. (I have mentioned earlier some of the proposed mechanisms
for this behavior; they range from postulated catastrophic phase transi-
tions, to the effects of anisotropy in the source region).

Rapid and automated data processing techniques for the retrieval nf
source parameters have been described by Kanamori and Given (1981
and by Dziewonski et al. (1981). Such techniques are made possible ..y
the deployment of high-quality digital networks (SRO, ASRO, IDA), and
are very likely to revolutionize source theory as the number of stations
increases. One question which can be addressed by sophisticated pro-
cessing of the long-period seismograms recorded at such stations is that
of ‘““slow’’ earthquakes, a concept introduced by Kanamori and Cipar
{1974}, Kanamori and Stewart (1976, 1979), and Sacks ¢f al. (1978, 1981).
Kanamori and Anderson (1975) also argued for a slow precursor to the
Chilean earthquake of 1960.

A recent examination of the problem was conducted by Silver and
Jordan (1983) who applied the techniques of Silver and Jordan (1982) to
the determination of total-moment spectra for fourteen large earthquakes.
[They suggest that a convenient unit for measuring seismic moment is
100 Nm = 1 A, after the first investigator to measure this quantity {Ali,
1966)]. They find some shallow events to be ‘‘fast’’, and others to be
“slow’’, with a tentative correlation with depth of rupture: slow events
may be associated with ruptures propagating through the more ductile
iower lithosphere. Interestingly, the five deep events they examined were
all found to be ‘‘slow’’; thege include those events for which a slow com-
pressive compenent had been suggested by Gilbert and Dziewonski (1975)
and Silver and Jordan (1982).

The treatments of Silver and Jerdan (1982, 1983), and Dziewonski
et al. (1981}, pertain to the spatio-temporal centroidal representation of
the source, a concept introduced by Backus (1977a). [The effects of the
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finite spatio-temporal dimensions of the source have been examined
theoretically by Doorbos (1982)]. While a low-order moment expansion
is clearly well-suited for giobal studies based on long- to intermediate-
period data (e.g., Dziewonski and Woodhouse, 1983), an alternate
representation will be required to model high-frequency and near-field
data (see, however, Stump and Johnson, 1982). For such purposes, the
classical fault-plane models will probably be used for some time to come.

These problems are, of course, the focus of a vigorous on-going
research effort.

A noteworthy application of moment tensor inversion of long-period
Rayleigh waves is described by Romanowicz (1981). She examined the
residuals associated with the solutions from the point of view of event-
depth resolution and analyzed the effects of phase velocity variations for
Eurasian paths. She later refined the method (Romanowicz, 1982), and
concluded that if phase velocities calculated from a well constrained event
are used as regional path corrections near the source, then the depths
of neighboring events could be constrained to + 5 km, and their source
mechanisms to + 5° in fault orientation.

Source representations in terms of low order moments is naturally
most appropriate for the analysis of long period signals. Moment tensor
sources are obviously just as applicable to the study of body-waves (e.g.
Ward, 1980a, b; Fitch et al., 1980; Fitch, 1981; Fitch ef al., 1981).
However, Stump and Johnson (1982) demonstrated that higher order
moments are important at higher frequencies, and required in order to
account for source finiteness and rupture propagation. They point out
that inclusion of the higher moments can in principle resolve the fault
plane ambiguity and the tradeoff between rise time and rupture time,
a conclusion reached earlier by Backus (1977a, b). They find that the
seismic spectra of the higher moments are strongly peaked, and dominate
at certain azimuths. This is in accord with Stevens’s analogous conclu-
sion for higher multipoles excited by prestress concentrations.

Although the systematic use of moment tensors in modeling the
kinematic properties of the source (both forward and inverse problems)
represents a significant advance, because it provides a very convenient
formalism, appropriate for all types of seismic observations, the use of
other models, suci 4s dislocation models, is likely to persist in the future
because these models entail a geometrical description of the fault which
appeals to the intuition. The relationships between moment tensors and
physical characterizations of the source phenomenon have not been com-
pletely sorted out. It is relatively easy to start from some physical model
and compute the correspording moment rate tensor density; the con-
verse is much more difficult. Furthermore, the relationships between
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moment tensor densities, stress drops, ‘‘true’’ and ‘‘model’’ stresses,
stress gluts, and nonlinear failure processes are still a matter of contro-
versy (Archambesau and Scales, 1984).

8. Comments and Conclusions

It is, of course, not possible to predict what the future holds for source
theory, but, based on the recent trends, [ shall risk a few conjectures:

From a theoretical point of view, we have not yet used the com-
plete arsenal of touis available to us now. Because seismic activity takes
place in response to stress accumulation in the earth due to tectonic defor-
mation, it is clear to me that stress relaxation is ultimately the correct
point of view one should adopt to investigate the seismic phenomenon.
The same holds for anomalous radiation from explosions. The specific
mode of relaxation, aseismic or catastrophic, depends on local physical
conditions, and on the history of the medium. In view of the complexity
of geological materials and geological settings, a satisfactory treatment
will involve s‘atistical and deterministic features which are found today
in individual models, but are rarely combined. Thus, I consider it likely
that for realistic initial conditions (inhomogeneous prestress, variable
material properties), relaxation models and crack propagation models will
eventually merge into a general treatment of failure. This requires, of
course, that we learn to solve relaxation problems for arbitrary
geomeiries, since geometry should not be pre-specified in a fully dynamical
treatment.

It is also clear to me that the most important recent advances are
Ariven by the collection and analysis of large, high-quality data sets. This
includes teleseismic observations, near-field recordings, and laboratory
data. Digital recording, and automated digital processing have brought
to us a wealth of information which we have hardly begun to exploit. To
date, only in a few instances have we been able to produce a detailed
description of a seismic event with all the complications associated with
variable conditions along the fault. In the future, with the acquisition of
very complete data sets, one could envisage the formulation and solu-
tion of ever larger inverse problems aimed at retrieving three-dimensional
details of the source mechanism. This would tell us what the models should
simulate and ultimately predict.

The phenomenological descriptions of sources must, of course, be
on a par with the level of detail one tries (o represent. In practice, this
probably means that descriptions based on a few low-order moments will
not be adequate; moment expansions do not converge fast enough to
be very useful at short wavelengths and in the analysis of near-field data.
Perhaps alternate expansions, capable of ropresenting source details in
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space and time can be devised, starting with moment tensor densities
(‘‘stress gluts’’). In any case, I suspect that such developments will be
‘‘data driven’’.

This review of source theory has not done justice to the enormous
amount of work which has characterized the last twenty-five years. It
is heavily biased toward the more theoretical aspects of source model-
ing, and touches on the problems of retrieval of source parameters from
seismic observations only in a peripheral way. In particular, I have not
touched on a great many subjects which are of obvious and tremendous
importance, such as

(1) The retrieval of source parameters by waveform modeling
[e.g. Burdick and Mellman, (1976)]. This topic is intimate-
ly related to wave propagation, which is reviewed elsewhere
in this volume.

(2) Anomalous seismic sources which are not explosive, nor
earthquake-like, but can be represented by single forces,
such as volcanic sources (e.g. Kanamori and Given, 1982),
or impacts.

(3) Sources of seismic noise, volcanic tremor, etc.

(4) Phenomenological aspects of the seismic source which may
have precursory character.

In fact, there are probably many more aspects of the available
theoretical baggage which I simply have not thought of.

My hope is that my selection of material did convey the impression
of a continually growing field, which branches out into many others, such
as fracture and crack mechanics, mathematical theory of stability of
nonlinear systems, etc.

Great progress has been achieved in the past decades, and we can
expect further discoveries in the future. The most likely source of pro-
gress is the installation of numerous recording instruments which repre-
sent state-of-the-art in modern seismometry, and the automated proc-
essing of large data sets. This holds for dense local and regional arrays,
of strong-motion instrumentation, and for global networks. The study
of seismic sources is in fact one of the most prominent arguments for
the deployment of a digital Global Seismic Network (IRIS, 1984). The
new data acquisition systems and processing techniques will help answer
some of the questions we are facing today.

They will surely raise new ones.
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Elastic Wave Attenuation in Rock
and the Transition Zone from
Linearity to Nonlinearity*

J.R. Bulau, B.R. Tittmann, and M. Abdel-Gawad

Summary
In this paper we discuss the use of laboratory measurements of attenua-
tion to (1) define the amplitude of transilion from linear behavior to nonlinear
behavior in various rock types under controlled environmental conditions
and (2) examine the functional dependence of attenuation on strain amplitude.

Conclusions and Recommendations

On the basis of laboratory measurements of @ as a function of strain
amplitude we find that the transition from linear behavior to nonlinear
behavior depends on a number of factors including the strength of in-
tergranular bonding in the rock, effective pressure, and the condition of
the rock with respect to adsorbed moisture. Transition amplitudes can
be small, m some cases significantly less than 10—, corresponding to
stresses of about 1 bar. Improved techniques are being developed which
will enable us to better delineate the linear to nonlinear transition amplitude
and provide the most reliable and accurate measurements of material

response to applied stresses over the widest and most useful range of
amplitudes and frequencies.

Abstract

The coupling efficiency between a source explosion and the resulting
seismic waves is well known to depend on differences existing between
various rock types. In order to account for these differences and relate
them quantitatively to the mineralogy and microstructure of various rocks,
it is necessary to (1) define the radius of transition from the near field,
which exhibits nonlinear behavior, and the far field, which exhibits true
linear behavior; and (2) evaluate the nonlinear processes which occur in

*Work sponsored by Advanced Res varch Projects Agency (DOD), ARPA order number
4400, monitored by NP under contract #F49620-83-C-0065.
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materials as an explosive shock front passes through them in the near
field at high nonlinear amplitudes. There are two major objectives to our
program: (1) use lahoratory measurements to define the amplitude of tran-
sition from linear to nonlinear behavior in various rock types under con-
trolled environmental conditions of pressure, temperature, and composi-
tion; and (2) examine the Rinctional dependence of attenuation of strain
amplitude and relate laboratory measurements to theoretical models. These
measurements are especially relevant to interpretive studies of the observ-
ed decay of peak particle velocity and displacement with scaled distance
from explosions.

A number of different approaches have been used by us in the
laboratory to measure the attenuation of elastic waves in rock under con-
trolled conditions. The forced resonance technique has been found useful
for measuring the & of vibrating beams under linear conditions, and for
defining the amplitude of transition from the linear seismic regime to the
noniinear near field regime. Typically rocks show a linear regime at low
strain amplitudes where @ is independent of strain amplitude, and a tran-
sition to the nonlinear regime at high strain amplitude where @ becomes
amplitude dependent.

The amplitude of transition from the linear regime to the nonlinear
regime is not the same for all rock types and depends upon the strength
of intergranular bonding, confining pressure, and the amount of water con-
tained within the rock. We have documented these observations with ex-
perimental measurements. These resulls suggest that the mechanism for
nonlinear attenuation involves internal friction between grains. For sand-
stone and poly-crystalline salt. Qur experimental evidence also
demonstrates that the preseice of even small amounts of moisture ir: the
form of surface adsorbed water can significantly reduce the transition
amplitude. The water evidently has the effect of reducing the coefficient
of friction along intergranular contacts, resulting in a decrease in the fric-
tional stress required for intergranular shear.

Whereas most of our measurements have been acquired with the forc-
ed swept resonance technique, we have begun data acquisition with two
other complementing techniques for measurements at high amplitudes and
low frequencies. First, at relatively high frequencies (> 10 Hz) a modified
resonance type of measurement can be performed. The resonant vibra-
tion is excited very quickly and the vibration amplitude is monitored as
a function of time during the free decay. The second technique, which
is most useful at relatively low frequencies (0.01-5 Hz), requires
simultaneous measurements of stress and strain in a specimen which is
subjected to cyclic loading. The @ can then be obtained from an analysis
of the time functions of stress and strain.
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Introduction

It is well known that the efficiency of coupling between a source ex-
plosion and resulting seismic waves depends upon various factors, including
the source rock type, whether the explosion was tamped or detonated
in a cavity, and the condition of water saturation in the source rock. When
interpreting seismic signals it is useful to consider the near field source
regime independently of the far field seismic regime. The boundary be-
tween these two regimes is often described in terms of how the material
responds to the stresses associated with the seismic pulse. In the near
source regime material response is nonlinear, inelastic, and amplitude
dependent. In the far field the material behavior is linear anelastic, and
independent of amplitude.

The usual approach to a quantitative description of the seismic source
involves measurements of particle motions at distances which are relatively
close to the source. These free-field particle motion measurements general-
ly show that peak displacement, velocity, and acceleration decay more
quickly with increasing scaled distance than that predicted from simple
geometric spreading in a perfectly linear elastic medium. Laboratory studies
have shown that the amplitude of transition from the linear anelastic seismic
regime to the nonlinear near source regime can occur at very low
amplitudes. In some cases, as shown below, nonlinear effects have been
observed at strains significantly lower than 10-56, which corresponds to
a stress of approximately 1 bar. On the basis of these measurements it
must be concluded that the free field particle motion measurements which
are frequently used for calculating the reduced displacement potentials were
not obtained at linear amplitudes, and therefore may not be suitable for
defining the seismic source. We have found (Tittmann, 1983) that
measurements of @ as a function of vibration amplitude can be used as
a very sensitive indicator of the transition amplitude from linearity to
nonlinearity. It is, therefore, our objective to (1) shed light on this pro-
blem by using laboratory measurements to define the amplitude of transi-
tion from the seismic regime to the near source regime in various rock
types under controlled conditions of pressure, temperature, and rock type,
and (2) examine the functional dependence of attenuation on strain
amplitudes up to 104, and compare these measurements to theoretical
models.

Available experimental results indicate that the amplitude of transi-
tion can depend upon a number of factors, including pressure and the
strength of intergranular bonding. In a compilation of experimental results
Stewart ef al., (1983) have shown that relatively well bonded materials
exhibit a higher amplitude of transition than relatively poorly cemented
materials. The measurements on quartzite and proxenite presented by
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Gordon and Davis (1968) indicate a transition amplitude near strains of
10-5, The measurements on limestone by Peselnick and Outerbridge
(1961) show a transition amplitude greater than 10-5. These contrast with
measurements by Johnston and Toksoz (1980) and Winkler et al., (1979)
on various sandstones, which show significant nonlinearity at strains below
10-5. In a more recent experimental study Tittmann ef al., (1981) ex-
amined the effects of strain amplitude and confining pressure on attenua-
tion in Berea and Boise sandstones. They demonstrate that while the
porosity and permeability of these two sandstones are similar, the Boise
sandstone exhibits strong intergranular bonding due to silica overgrowths,
while the Berea sandstone exhibits relatively weak intergranular bonding
with clay. Contrasting with Berea sandstone, the Boise sandstone exhibits
relatively high compressive strength and modulus, a relatively small ef-
fect of strain amplitude on attenuation, and a relatively high amplitude o/
transition from near linearity to significant nonlinearity. Attenuation in Berea
sandstone is also relatively more sensitive to confining pressure. Tittmann
(1983) has examined the effects of confining pressure on attenuation in
natural dome sait. He clearly demonstrated that the amplitude of transi-
tion in this material increases with increasing confining pressure. These
results are consistent with the arguments of Mavko (1979) and Stewart
et ¢l (1983) that nonlinear attenuation can be explained by frictional sliding
along intergranular surfaces. Increasing the confining pressure on the rock
increases the forces normal to mtergranular surfaces, resulting in increased
frictional stress and an increase in the strain amplitude required to ex-
ceed the elastic limit.

In the remainder of this paper we will present some experimental
results which complement the above mentioned studies, and show that
small amounts of water in the form of a surface adsorbed layer can also
affect the transition amplitude. Finally, we will discuss briefly some of the
issues which must be considered prior to applying measurements of
nonlinear @, using small specimens in the laboratory, to free-field seismic
data,

Effects of Moisture on Attenuation
in Berea Sandstone

1. Experimental Methods: A cylindrical sample of Berea sand-
stone 1.42 cm in diameter and 12.34 cm long was suspended in the
resonating bar apparatus, which is illustrated schematically in Fig. 1. The
apparatus was contained in a controlled atmosphere chamber, and attenua-
tion values were obtained using both torsional and flexural modes of vibra-
tion, at various ambient humidity levels between 0% RH and 93% RH.
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Fig. 2. Definition of strain Fig. 3. Definition of strain
amplitude in torsion. amplitude in flexure.

@ was calculated by taking the ratio of the resonant frequency to the band-
width of the forced resonance peak. Maximum strain amplitude is defined
in Figs. 2 and 3.

2. Experimental Results: At all humidities up to 31% RH the
results, which are illustrated in Figs. 4 and 5, indicate the existence of
a linear, strain independent Q at relatively low amplitudes, with a transi-
tion to a nonlinear, amplitude dependent Q at relatively high amplitudes.
The magnitude of the linear attenuation increases with increasing humidity,
and the amplitude of transition decreases with increasing humidity,
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Fig. 4. Attenuation vs strain amplitude for Berea sandstone resonating
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Tittmann (1983) presents similar results for hydrostatically pressed salt
specimens. These results indicate that the most important linear anelastic
attenuation mechanism involves the relaxation of stresses within the
hydrous layer located on intergranular crack surfaces and grain boundaries.
We also observe that the amplitude of transition deceases with increasing
humidity. In the context of the frictional attenuation model (Mavko, 1979;
Stewart et al., 1983) this would indicate a reduction with increasing humidity
in the coefficient of friction between opposing crack faces.

Nonlinear ¢ Measurements

Although the resonant bar-type measurements are well-suited for
measuring attenuation and modulus in the linear anelastic regime, and for
defining the transition amplitude from linear to nonlinear behavior, several
other issues need to be considered before one can apply the high amplitude
nonlinear Q measurements to studies of high amplitude seismic pulse pro-
pagation in the near field.

1. Forced Resonant Vibrations: @ is frequently calculated from
the ratio of the resonant frequency to the bandwidth of the resonance peak
measured at half power amplitude. It is well established (cf. Nowick and
Berry, 1982) that this is a sound technique for measuring @ in a material
with linear response. However, this may not be a particularly satisfactory
technique for measuring energy dissipation in a material with properties
that depend on vibration amplitude. In most rocks, when vibrations ex-
ceed the elastic limit the modulus decreases with increasing vibration
amplitude, probably due to frictional sliding along microcracks (Mavko,
1979; Tittmann et al., 1982; Tittmann, 1983). The shape of the resonance
peak at low amplitude is nearly symmetrical. At high amplitudes the peak
becomes severely skewed toward the high frequency side. We have
observed this effect at high amplitude in all but the most tightly consolidated
rock types. The observation is illustrated in Fig. 6 for natural dome salt
at 0.689 MPa effective pressure. This result casts suspicion on the
usefulness of the swept forced resonance technique for obtaining reliable
measurements of @ and modulus at high nonlinear amplitudes.

2. Definition of Strain Amplitude: Another problem with
measuring nonlinear @ involves the definition of strain amplitude. Strain
amplitude is usually calculated for a position of maximum strain in the
specimen, as in Figs. 2 and 3. Using this convention first-order strains
vary from zero to the maximum value reported, depending on location
within the specimen. Since the attenuation measurements reported do not
represent values for incremental units of volume exposed to homogeneous
train, as would be the case for free field vibrations, it is felt that a careful
analysis of the stress field within the specimen is necessary.
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Fig. 6. lllustration of the shape of swept resonance peaks. Low amplitude vibra-
tions within the linear regime are generally nearly symmetric, as shown in
the lower frame (2.9 x 108 maximum strain), while skewness is apparent at
higher strains (2.2 x10-7, center; and 1.0x 10-%, top).

3. Memory Effect: Another problem, which is somewhat more
subtle involves the response of the specimen to repeated cycles of vibra-
tion at very high nonlinear amplitudes. The test specimens appear to have
a memory, such that the first elastic pulse propagates through a material
which has come to equilibrium with a more or less static environment over
a relatively long time period. Each subsequent pulse passing through the
material sees the accumulated changes resulting from exposure to previous
pulses, while causing changes itself.

The forced resonance technique measures modulus and attenuation
in a specimen which has come to equilibrium after exposure to a long train
of high amplitude pulses. The accumulated effects of repeated cycles at
high amplitude is demonstrated in Fig. 7. The test specimen was a piece
of natural dome salt vibrating in torsion at an effective pressure of 0.7
MPa. The amplitude of forced resonant vibration was monitored as a func-
tion of time with constant driving power. Peak vibration amplitude was
controlled using a lock-in amplifier. The decrease in vibration amplitude
increases with repeated exposure to high stress levels. (The effects are
reversed in a comparable period of time.)

Preferred Techniques for Nonlinear Measurements

It is apparent that if the results of high amplitude @ measurements
are to be applicable to seismic pulse propagation in the near field environ-
ment the number of high amplitude pulses should be minimized. The pro-
cedures outlined below are being developed for the purpose of measuring

linear and nonlinear attenuation and modulus on granite and natural dome
salt.
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1. Modified Resonance Technique: One possible technique for
measuring @ at high nonlinear amplitude mvolves monitoring the free decay
of vibration amplitude in a test bar which is rapidly accelerated to high
initial nonlinear vibration amplitude. A preliminary version of this experi-
ment has not been tested in the laboratory. Representative results are
shown in Fig. 8. The sample of natural dome salt was accelerated to high
amplitude using a 22 cycle sinusoidal wave train at the resonant frequen-
cy of 410 Hz. A non-contact coil and magnet-type transducer was used
to couple the electrical signal to the sample. Vibration amplitude was
monitored with a second transducer of the same type. The signal from
this transducer was amplified, digitized, and stored for analysis. In future
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Fig. 8. Graph of vibration amplitude s time for natural dome salt at 0.7 MPa
effective pressure vibrating in torsion. Sample was driven at the 410 Hz reso-
nant frequency for 22 cycles, followed by a period of free decay.

experiments a mechanical impact technique may be used in order to ex-
cite vibrations at even higher amplitudes than can be obtained using elec-
tromagnetic transducers.

For a liner solid the envelope of free decay of vibration amplitude with
time is given by

Alt) = A, exp (— %t @) 0

where A, is vibration amplitude at time £, A(¢) is vibration amplitude at
time f,w is angular frequency, and @-! is attenuation. For nonlinear
materials Mavko (1979) proposed an amplitude dependent frictional at-
tenuation model in which the attenuation is a linear function of strain, ¢,

Q1() = Q1 + ae )]

where Q. 1is a value of anelastic attenuation taken at low strain, and may
depend on frequency. Minster (1982) and Minster and Archambeau (1983)
used this relationship to explain the decay of peak displacements and
velocities measured as a function of scaled distance in the COWBOY series
of explosions in dome salt. In our experiments we will fit the decay envelope
to a decay function similar to Eq. (1), but expanded to include an amplitude
dependent @ function, as in Eq. (2).

2. Stress-Strain Measurement Apparatus: Rockwell has fund-
ed a program to build an apparatus for measuring complex modulus through
analysis of the stress and strain time functions. The apparatus is modeled
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Fig. 9. Schematic illustration of the low-frequency complex modulus
appartus.

after the design of Liu and Peselnick (1983). It is illustrated schematically
in Fig. 9. A test sample bar and a high @ linear elastic reference bar are
oriented in series with a piezoelectric stress generating transducer.
Displacement is measured using non-coniact capacitive transducers at two
locations, one at the top of the reference bar and one at the top of the
sample-reference assembly. the displacement on the reference bar can
be translated into stress provided that tlie spring constant is known. The
difference between the two displacements corresponds to sample strain.
The amplitude and shape of the loading curve can be controlled by
modulating the voltage on the piezoelectric transducer. An operating range
from below 0.01 up to about 5 Hz is expected. For very low amplitude
measurements with poor signal to noise ratio the system is designed for

extensive signal averaging.
For a linear material

Q-l=¢ =41!‘E 3

where ¢ is the phase angle between the sinusoidal stress applied to the
sample and the resulting sinusoidal strain, AE is the area of the elliptical
hysteresis loop, and E is the energy of one full loading cycle. For a nonlinear
material, a sinusoidal load function does not result in a sinusoidal displace-
ment function, and it is best to calculate @ from measurements of both
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the area under the loading curve and the area of the hysteresis loop.
Noniizearity manifests itself as harmonic distortion when the results are
recast into the frequency domain.

Sorre preliminary results of measurements on Boise sandstone and
Kel-F teflon are presented in Fig, 10. Both sets of measurements were
made at 1 Hz. An open hysteresis loop is clearly evident in the low @
Kel-I" specimen. The loop is relatively small in the high @ Boise sand-
stone speciimen. The area of the loop is, however, measured reproducibly
provided that sample signal to noise ratio is reasonably high, as illuctrated
in the figure.

KReferences

1. Gordon, R B. and L.A. Davis (1968) ‘‘Velocity and Attenuation of Seismic Waves
in Iinperfectly Elastic Rock,”’ J. Geophys. Res., 73, 3917-3935.

2. johnston, D.H. and M.N. Toksoz (1980) '‘Thermal Cracking and Amplitude Depen-
dent Attenuation,’’ /. Geophys. Res., 84, 937-942,

3. Liu, H.-P, and L. Peselick (1983) ‘‘Investigation of Internal Friction in Fused Quartz
Steel, Plexiglass, and Westerly Granite from 0.01 to 1,00 Hertz at 10-8 to 10-7 Strain
Amplitude,”’J. Geophys. Res., 88, 2367-2379,

4. Mavko, G.M. (1979) *‘Frictional Attenuation: An Inherent Amplitude Dependence,"”
J. Geophys. Res., 84, 47694776,

5. Minster, ].B. (1982) ‘‘Effects of Near-Field Nonlinear Attenuation on Outgoing Seismic
Wavefields (ahstr.),”” Terra Cognila, 2, 153,

6. Minster, J.B. and C.B. Archambeau (1983) *‘High Sirain Nonlinear Attenuationin Salt
and its Effects on Near-Source Outgoing Seismic Wavefields, presented at the Fifth
Annual DARPA/AFQOSR Symposium on Seismic Detection, Analysis, Discrimination,
and Yield Determination,"” Orcas Island, East Sound, Washington, 16-18 May, 1983.

7. Nowick, A.S. and B.S. Berry, ‘‘Anelastic Relaxation in Crystalline Solids,"’ Academic
Press, New York, 1972, 677 pp.

8. Peselnick, L. and W.F. Outerbridge (1961) *‘Internal Friction and Rigidity Modulus
c}))f Solenhofen Limestone Over a Wide Frequency Range,” U.S. Geol. Surv. Prof,

ap., 400B.

9. Stewart, R.R., M.N, Toksoz. azd A. Tinur (1983) ‘‘Strain Amy * A nuation:
Observations and a Proposed Mechanism,”’ J. Geophys. Res., * 6-55 .
10. Tittmann, B.R. {1983) *‘Studies of Ahsorption in Salt, Final Repo, 2 Period Dec.

1, 1981 through Nov. 30, 1982 ' yrepared for Air Force Office of . ific Research
under contract number F49,20-82-C-0015.

11. Tittmann, B.R., M. Abdel-Gawad, C. Salvado, J. Bulau, L. Ahtberg, and .  Spencer
{(1982) '‘A Brief Note on the Effect of Interface Bonding on Seismic Dissipat::n,” Proc.
Lunay and Planet. Sci. Conf., 12th, 1737-1745.

12. Winkler, K., A. Nur, and M. Gladwin (1979) *‘Friction and Seism«. Attenuztion in
Rocks,”’ Nature, 227, 528-531.



130

Linear Elastic Waveform Modeling
in the Inelastic Region of
Underground Nuclear Explosions

L.]. Burdick, ].S. Barker, D.V. Helmberger
and D.G. Harkrider

Summary

In an attempt to characterize the way in which linear elastic theory breaks
down within the inelastsic region near underground nuclear explosions, we
have compared the observed velocity waveforms from the inelastic region with
Dredictions of ordinary elastic generalized ray theory. In eariier studies, models
Jor events at both Pahute Mesa and Amchitka were developed using ground
motion recordings from the 5 to 20 km distance range. The models consisted
of a source time function and a source strengih, ., for a point source in
a layered elastic crust. In this study the predictions of the models were evaluated
at ranges from O to 5 km. Surprisingly, the elastic models predict the observ-
ed peak vertical velocilty very accurately even in the spall zone. They also
predict the rise times of the velocsty pulses into surface zero. The elaskic syn-
thetic seismograms match the observed velocities up until the time when the
spalled material begins to decelerate. The observed radsal motions are much
more poorly modeled. Nevertheless, the results suggest that only low-order
corvections to elastic theory may be required to explasn some of the phenomena
within the inelastic region of contained nuclear explosions.

Vertical velocity waveforms within the spall zones of Amchitka and Pahute
Mesa events are well modeled by linear elastic theory during the compressive
pulse prior to spall. We introduce the definttion of the ‘‘compressive elastic
radius.”’

The inelastic region of an underground nuclear explosion is generally
considered to include not only the 2one of high deformation and high strain
immediately surrounding the explosion, but also that portion of the sub-
surface that undergoes spall. Eisler and Chilton (1964) and Chilton, ef al.,
(1966) have defined spall as rock failure that occurs when the downgoing
tensional stress wave that results from a reflection at the free surface ex-
ceeds the sum of the upward compressional stress, the lithostatic stress
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and the tensile strength of the rock. Previous computations of the mo-
Hons within the spall zone have involved numerical approximations to the
full non-linear problem (e.g., Viscelli, 1973; Day ef al., 1983, 1983). Due
to the extreme deformations, spalling is certainiy an inelastic process, but
is may be reasonable to assume that in the period of upward compression
immediately preceding spall, the material behavior is only mildly nonlinear.
This paper reports an attempt to uiaracterize the degree to which linear
elastic theory breaks down within the spall zone of underground nuclear
explosions.

In previous studies, detailed crustal structure models and source func-
tion representations have been developed for events at Amchitka
(Burdick ef al., 1984) and Pahute Mesa (Hartzell ef al., 1983) by model-
ing waveforms at 5-20 km epicentral distance. These results from well-
within the elastic region have been used tc compute synthetic seismograms
for comparisca with the first compressional pulse recorded within the spall
zone. Ordinary elastic generalized ray theory is used, along with the
Helmberger and Hadley (1981) source representation. Both upgoing and
diving P waves are considered.

Results for the Amchitka event, CANNIKIN, are presented in Fig. 1.
In the left panel are the observed vertical velocity waveforms (solid traces)
and the elastic synthetic seistnograms (dotted lines) plotted with a com-
mon origin time. the excellent agreement in arrival times indicates that
lateral variations in P wave velocities are negligible. The onset of spall
is indicated by a constant, —Ig slope in the observed velocities, The fit
of the synthetics to the first rise, which is equivalent to modeling the first
peak in vertical acceleration, is quite good throughout the spall zone. In
particular, that the initial slope is well predicted by the elastic model in-
dicates that inelastic effects in the direct P wave not already accounted
for by the source representation are minor. The right panel o. Fig. 1 sum-
marizes the decay of peak velocities with epicentral distance. The predic-
tions of the Burdick ef al., (1984) source model (solid line) match the ver-
tical observations (circles) into ranges less than 1 km distance. The radial
peak velocities (crosses) are overpredicted by the model (dashed line) by
a factor of about two, indicating that radial velocities may be rnore sen-
sitive to inelastic nrocesses or variations in the structure model.

Similar results for another Amchitka event, MILROW, are presented
in Fig. 2. Once again, excellent predictions of arrival times and initial slopes
indicate that the crustal structure model and source representation deter-
mined by Burdick ef al., (1984) for waveforms recorded at 7-12 km range
yield excellent predictions of the compressional pulse into surface zero.
The model somewhat overpredicts the peak vertical velocities. The syn-
thetic seismogram for the surface zero station (S-0), however, reflects
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Figure 1. A comparison of the observed velocity data from within the spall zone
of CANNIKAN with elastic predictions based on data from the elastic region.
(a) Observed vertical velocity waveforms (solid lines) and generalized ray syn-
thetics (dotted lines) computed for the compressional pulse prior to spall and
plotted on a common scale. (h) Observed peak vertical (circles) and radial
(squares) velocities and elastic model predictions (solid and dashed lines) plot-
ted as a function of epicentral distance.

the proximity of a branch point singularity in generalized ray theory for
vertical incidence. Once again the radial peak velocities are notably
overpredicted.

For comparison, we now tumn our attention to the Pahute Mesa event,
BOXCAR, which had a yield and depth of burial similar to that of MILROW
(BOXCAR: 1300 kt, 1160 m; MILROW: 1000 kt, 1219 m). Hartzell et
al., (1983) developed a structure model for Pahute Mesa and a source
representation for BOXCAR based on waveform modeling in the distance
range 4-11 km. Figure 3 presents the results ito surface zero. Once again,
the observed vertical velocity waveforms are plotted on the left as solid
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Figure 2. A comparison of observed velocity data and elastic mode! predic-
tions for MILROW, (a) Observed vertical velocity waveforms (solid lines) and
generalized ray synthetics (dotted lines) computed for the compressional pulse
prior to spall and plotted on a common scale. (b) Observed peak vertical
(circles) and radial {squares) velocities and elastic model predictions (solid
and dashed lines) plotted as a function of epicentral distance.

lines and the synthetic predictions are dotted lines. The spall zone ex-
tends to just beneath station 5-12; a radial distance of 3.8 km. Arrival times
are not matched as well as in the Amchitka events, suggesting that lateral
crustal structure variations are more prevalent at Pahute Mesa. No cor-
rection for station elevation has been made. With a slight time shift, the
slope and rise time at stations S-16 and S-24 are well matched. This is
to be expected, since these waveforms were used by Hartzell e al., (1983)
m obtaining the source model. The fit to the velocity rise times, and by
implication, the peak accelerations, degrades toward surface zero, with
the observed pulses significantly broader than the predictions. However,
the peak vertical velocities, plotted on the right side of Fig. 3 as a func-
tion of slant range, are quite well predicted into surface zero. Radial peak
velocities are, once again, overpredicted. In comparing the elastic source
representation for BOXCAR and MILROW, we find that BOXCAR has
a longer rise time (parameterized as a lower K value in the Helmberger
and Hadley (1981) representation) than MILROW. This indicates dif-
ferences in inelastic processes and coupling between Amchitka and Pahute
Mesa which are included in the elastic source representations. In addi-
tion, we find that BOXCAR observed velocities include variations in
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Fig. 3. A comparison of observed velocity data and elastic model predictions
for BOXCAR. (a) Observed vertical velocity waveforms (solid lines) and
generalized ray synthetics (dashed lines) plotted on a common scale. Noted
to the right of each trace are the peak velocities in cny/s for the observed (up-
per) and synthetic (lower) compressional pulses. (b) Observed peak vertical
{circles) and radial (triangles) velocities and elastic model predictions (boxes
and diamonds, connected by lines) plotted as a function of slant range.

inelastic effects or unmodeled source or propagation effects as the direct
P wave incidence angle approaches vertical.

By contrast, the Pahute Mesa event, INLET, presented in Fig. 4,
shows little variation in the quality of fit into surface zero. Arrival times
are not well matched, particularly where the P wave take-off angle is nearly
horizontal. With slight time shifts, however, the slope, rise time and peak
velocity of the compressional arrival are quite well predicted by the elastic
model into surface zero.

Some justification of our approach may be obtained from measurements
of peak radial stress measurements for various geological media near small
underground nuclear explosions (Fig. 5, modified from Rodean, 1981, from
a study by Holzer, 1966). These are effectively wholespace measurements.
The radius of rock vaporization for these materials is about 2 m/kt"s
(Butkovich, 1967). Outside of this all materials cluster about a common
strong-shock solution. At about 10 m/kt", the strong, non-porous rocks
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Figure 4. A comparison of observed veolcity data and elastic model predictions
for INLET. (a) Observed vertical velocity waveforms (solid lines) and generaliz-
ed ray synthetics (dotted lines) plotted on a common scale. Noted to the right
o each trace are the peak velocities in cm/s for the observed (upper) and syn-
thetic (lower) compresaional pulses. (b) Observed peak vertical {circles) and radial
(triangles) velocities and elastic model predictions (boxes and diamonds, con-
nected by lines) plotted as a function of slant range.

begin to approximate an elastic wave solution. For the weaker, more porous
materials, this change occurs at approximately 35 m/kt"”. Indicated by bars
on the plot are the scaled slant ranges used in this study for CANNIKIN,
MILROW, BOXCAR and INLET. The basalts and pillow lavas of Am-
chitka are probably very similar to the granite and sale measurements,
and would be expected to fall on the upper elastic curve. The tuffs and
rhyolites of Pahute Mesa, on the other hand, would plot on the lower curve
with tuff and alluvium. Continuing the analogy, we see that all of the sur-
face recordings used in this study fall outside of the wholespace elastic
radius for their respective media, and that the radius for Pahute Mesa
should be larger than for Amchitka.

Returning to the more realistic case of a layered half-space, we may
define the ‘‘compressive elastic radius’’ as the radius beyond which the
material response is elastic while under compression. The concept is il-
lustrated in the upper panel of Fig. 6, in which the ‘‘compressive elastic
radii’’ for MILROW and BOXCAR are displayed. The effects of inelastic
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processes within these radii are taken into account by the elastic source
representations. Pzhute Mesa events demonstrate greater inelastic ab-
sorption than Amchitka events due to the greater ‘‘compressive elastic
radius.’’ The variation in apparent absorption of BOXCAR waveforms in-
to surface zero is indicative of the *‘compressive elastic radius’’ reaching
near the surface. This may be attributed to a number of effects, including
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Fig. 6. (a) A schematic representation of the ‘‘compressional elastic radii”’
for MILROW and BOXCAR. Both events had similar yields and depths of
burial, but the elastic radius under compression is greater for the Pahute Mesa
event, BOXCAR, than for the Amchitka event, MILROW, (b) An example of
the ‘“‘tensile elastic radius®’ in effect after the onset of spall from a numerical
approximation to the full non-linear problem by Day, ¢ al., (1982).
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multiple spall openings, initiation of cavity collapse, or inelastic propaga-
tion through a ‘‘chimney’’ of crushed rock above the source. With the
onset of spall, the ‘‘tensile elastic radius’’ replaces the “‘compressive elastic
radius,”’ encompassing the portion of the surface within the spall zone.
An example from the numerical models of Day et al., (1982) is shown in
the lower panel of Fig. 6.
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Spall Contribution to Local Seismograms
Roy ]. Greenfield

Summary

The contribution of spall to seismograms at local distances (tens of km)
is invesigated. Numerous teleseismic observations have shown spall effects.
Thus, it is reasonable to expect that st will affect the local waves. We concen-
trate on the short period (.25 to 2. Hz) surface waves at local ranges.
Understanding these local records may be useful in characterizing the source
local waves are also important to the extent that scatiering from them con-
tributes o wave complexily and the coda on regional and leleseismic records.

Seismograms are modeled using a numerical wave number integration
program. In addition to the normal explosion ssource, the spall ts included
by a surface distribulion of vertical point sources added with proper delay.
At each point on the surface the point source is given the time function sug-
gested by Day et al. (1983); a numerical superposition 1s made of the sur-
face contributions. The synthetics may be venified by comparison to local CAN-
NIKIN and MILROW records, because the spall extend of these explosions
is well documented.

Introduction

The phenomenon of spall may have important effects on the seismic
signals from underground nuclear explosions. To improve estimates of the
size of explosions it is important to understand the effect of spall on the
signal. This paper considers the generation, by spall, of Rayleigh waves
observed at local distances. A method is developed to use source area
measurements of spall extent to predict the local Rayleigh wave amplitude.
The method is similar in conception to that used by Viecelli (1973). The
method is applied to the surface waves observed for the CANNIKIN event.
This event was used because free-field measurements were available to
generally determine spall extent and several stations in the 10 to 20 km
distance range recorded clear surface waves. The purpose of the calcula-
tion is to show if the spall effects the one to four second period surface
waves or i they are mainly due to the direct biast wave.
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Method of Computing the
Spall Wave

The spall at any point is included as a vertical force time function ap-
plied at the surface. Early work (e.g., Viecelli, 1973) simply used a ver-
tical downward time impulsive force applied at the time of spall landing.
The form of this impulse, per unit area of surface, is

I?I(T)=V6'H‘p'6(t[)

where ¥} is the initial spall velocity, H is the spall layer thickness, p is
the density and é (£;) is the delta function at the landing time.

Recent work (Bache et al., 1982; Day et al., 1983) gives persuasive
theoretical and computational evidence that suggests that the spall force
time function should not be modeled as a single downward force but rather
one that does not impart a net momentum to the Earth. This model is
represented by the time function of a downward impulsive force of the
magnitude V,Hp at spall launch time, a second equal downward force at
the time of landing, and a constant upward force, due to the removal of
the spall mass of 2V, Hp/T, = 2Hpg where T is the time extent of the
spall and g is the gravity force. This force time function, denoted by £ (¢),
applies no net momentum to the Earth. The majority of the computations
use F, (¢). Though, results show that the spall component of the Rayleigh
wave is not greatly different if the single impulse Fj (¢) is used instead.

Let G (R,7) be the Green’s Function for a vertical time impulsive point
source at the distance R from the receiver. The spall force depends only
on time and r, the horizontal distance from the sources to the spall; §
is the azimuth angle around the source. Then the total spall ground mo-
tion is given by a convolution over the surface and over time.

g; (1) = [ 5 [Ft.n*G;(R.t)] arab @

Here g; (¢) is the horizontal or vertical ground velocity at the receiver
G;(R,7) is the Green's Function for ground velocity, including the instru-
ment and * indicates convolution.

For computational convenience the convolution in (1) was reordered as
gt = ] dR[G,RD * S (R)] @

where S (R,#) is the total force time function acting at R from the source.

The integral in (2) was approximated by a sum. The S (R,#) was com-
puted using .5 km increments in both R, and ». The G;(R,f) were
evaluated by the wave number integration method used by Baag (1984).




=
<
g
3
7
=
[y
'+
oy

-‘/\/\v ~ Distanca (km)

178

IRRRERRRRRARE

‘“"”'V\/"‘““" 24.0

Fig. 1. A) Green’s Function, B) Source Functions S(R,t). For r,, = 2.5 km,
F {t) type source.

The earth model used was Model 1 of Burdick et al., 1981. Figure 1 shows

the resulting vertical velocity Green's Functions, G (R,¢) for an impulsive
force and the S (R,?).

The Spall Model

Data from Perret (1973) was used to develop the spall model. Figure 2
gives the V), and spall arrival time curve used in the calculation of the spall

]
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Fig. 2. Spall parameters. (a) Arrival times. (b) Spall takeoff velocity.

force time functions. 7; was calculated as 2V,/g. The total extent, 7,,, of
the spall is not known precisely but the appearance of surface records
indicates at least some spall occurred to r of 6 km. A spall thickness of
9,144. cm was used in the calculations, following the analysis of Perret
(1973). However, this may well be an underestimation by a factor of 2.
The thickness would be on the order of 20,000 cm if the curve given by
Viecelli (1973) had been used.

Results for the Spall-Generated Surface Wave

Figure 1 shows the functions S (&,¢). It should be noted that the time
extent of the S is largest for the R that included the explosion point. Here
the time function of S (R,t) is approximately 2.5 seconds. This is slightly
longer than the maximum spall time, 7;, of 2.3 seconds directly above
the source.

Figure 3 gives the total vertical velocity response for a receiver at
20 km from the source. Synthetics are shown for assumed spall extents,
7, of 2.5 and 4.5 km for the F, (¢) time function. Also shown is a syn-
thetic for a F; (¢) source. As would be expected, the signal is more ex-
tended in time and thus, the frequency content is lower than for the in-
dividual Green'’s functions. The amplitude is, however, only zbout 3.0 cm/sec
peak to peak. Figure 4 shows data at 20.0 km from CANNIKIN. The ob-
served vertical surface wave amplitude was 20, cm/sec. thus, the theo-
retical spall generated surface wave amplitude was 20. cm/sec, thus, the
theoretical spall generated surface wave was close to an order of magni-
tude lower than observed. There is no major difference for the F, (¢) and
F, (t) force time functions.

Figure 4 also shows velocity synthetics computed for the explosive
source without spall. Results are given for a reduced displacement poten-
tial (RDP) close to that used by Burdick et al., (1981). These synthetics
match the amplitude of the observed 2.5 second period Rayleigh waves.




R.]. Greenficld 143

Vertical ground velocity, from spall

i 5.0 sec | 20 cmlsec]:

Fig. 3. Velocity synthetics for spall alone, The explosion is not included. Low
pass filtered at 1.2 Hz.

A} ry = 2.5 km, F(t} source.
B) r, = 4.5 km, F(t) source.
C) r, = 4.5 km, Fi{t} Source.

However, they alsc have some large later arriving 1.7 second Rayleigh
waves. These waves do not appear in either the CANNIKIN data nor in
the MILROW synthetics given by Lay ¢f al., (1983). Wnen we computed
synthetics nsing a homogenous halfspace, thes# hs, her frequency Rayleigh
waves were not present. Thus, they result from the lower velocity sur-
face material 'n Burdick (1981) model. Synthetics were computed using a
RDY with a smaller overshoot. As shown on the figure, this reduced the
anplitude of the higher frequency Rayleigh waves. It is move likely, however,
that the 1.7-second waves are not in the observed data! -caus the lack
of lateral coatinuity of the low-velocity surface layers.

Conclusion

The surfuce wave froms CANNIKIN can be modeled by the explosive
source alone, The size of the spall contribution is an crder of magnitude
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Fig. 4. Velocity Seismograms. A) Synthetic at 20 ki, CANNIKIN source func-
tion. B) Synthetic at 20 km for a reduced source overshoot. C) Data for sta-
tion MO7 distance = 20.7 km.

lower than the observed Rayleigh wave. The wave amplitude would
however be larger if the spall thickness were greater than the 9000 cm
value used. The amplitude of the .25 Hz Rayleigh wave due to the spall
is not sensitive to the use of the single downward impulse time function,
F}, rather than the momentum conserving force time function, F,. It is
important to consider the spall parameter of other events to see if the
spall component can be discounted, in general, as a source of short-period
Rayleigh waves.
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Regional Studies with Broadband Data
Lare R. Johnson and Thomas V. McEuwlly

Summary

Considerable effort has been invested in obiaining high-qualily broadband
ground motion data that samples as much as possible of the focal sphere. A
lotal of 13 NTS events have been vecorded with wp to 11 three~component sta-
tions located i the distance range of 0.5 to 10 km. Station, distributions have
included both networks surrounding the source and small dense arvays. The
tndividual elements of the first-degree force moment lensor have been estimated
for some of the explosions. Through frequency-wavenumber analysis, shear
waves have been identified at near distances which appear to be coming from
the immediate source region of the explosion. Coherency studies have been
used to investigale the imporiance of scalterivig upon the records. Phase-maiched
filtering has been applied to regional suxface wave data from NTS, providing
accurate group velocity and atieruation estimates for Love and Rayleigh waves
in the period range of 3 to 50 sec,

Introduction

VELA-sponsored research at Berkeley began around 1960 with the
program of Dr. Don Tocher and Prof. Perry Byerly to expand their central
Caiifornia network of the UC Seismographic Stations, and to link for the
first time such a network by FM telemetry to a central recording site (see
Fig. 1). Their purpose was to improve research capabilities for studying
the mechanisms of local earthquakes. Shortly thereafter, with AFOSR sup-
port, the BKS WWSSN station was installed, and a three-component, broad-
band (flat velocity response, 0.03-10 Hz, dual gains) station was installed
at BRK with continuous slow-speed (0.06 ips) FM recording on magnetic
tape. In 1964 the tape recording system was expanded to handle also six
of the short-period telemetered stations.

During the subsequent two decades leading to today, the AFOSR-
supported research program has concentrated on investigations into the
source mechanisms of earthquakes and explosions, along with techniques

or discriminating between them. From the start, the research was based
largely upon the new broadband data being acquired by the network from
local earthquakes and from underground explosions at the nearby Nevada
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Fig. 1 UC seismographic stations network in 1964 with third-quarter
seismicity. Stations of AFOSR-supported telemetered network are underlined.
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Test Site (NTS), although some studies used teleseismic data. Promising
results of early discrimination studies with NTS data, along with source
studies of moderate-size central California earthquakes, led to further ex-
pansion of the broadband stations to BKS, JAS, WDC and SAO (see Fig. 2).
Early work on near-field observations of earthquakes, at Berkeley and
elsewhere, led to initiation in the early seventies of the AFOSR ‘‘Near Field
Program,”’ a multi-institution co-operative study of the Bear Valley-Stone
Canyon seismogenic zone adlong the San Andreas fault. Methods for invert-
ing near-field seismograms for moment tensor components were developed,
and much was learned about the characteristics of seismicity in that zone.

Scientific interest in AFOSR-related problems has in recent years moved
toward the development of better understanding of the earthquake source.
Using high-quality near-field data from selected NTS explosions, techni-
ques have been developed to extract the explosion and non-isotropic com-
ponents of the source function, in an attempt to better define the role of

10

Vols/micrometer
3
T

1} BAK Press-Ewing 8B HGV

2} BRK Press.Ewing BB LGV

i 3] JAS & WDC Sprangnather likered displ.

10-* (= 4j BKS Sprongnether ULP filtered dispt.
5) JAS & Wi Spran%)slhur displ.

8) BKS Spteongnother LP dl;g&.

7) JAS & WODL Sprengnather BB LGV

8) ORV Sprengnather LP LGV

9) WDC Sprengnather BB HGV

105 1 1
0.1 1

10
Period {sec}

Introduction

Fig. 2. Response curves for broadband seismographs recorded on slow-speed
FM magnetic tape at DREK., Displucemeni sensitivity (magnification) in
volt/micrometer when reproduced on Honeywell LAR 7400 system (+ 4 volts
output).
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tectonic stress release and source medium heterogeneity in shaping the
elastic radiation, and thus to improve techniques for explosive yield estima-
tion. A highly portable network of digital event recorders has been developed
for these studies. In related research, the broadband data available from
Lawrence Livermore National Laboratory (LLNL) for their four-station net-
work have been used for discrimination research and, more recently, for
improving crustal structure models needed in explosion source studies us-
ing regional data.

In this paper we present short reviews of several of the research studies
in the AFOSR program, in an attempt to give a general overview of the
Berkeley research efforts through the years. The following sections, with
their figures, are self-contained. Many co-authors are represented in these
selected reviews, and many other studies exist but cannot be covered in
the available space. We acknowledge with warm appreciation the contribu-
tions of our colleagues at Berkeley throughout the program.

Spectral Evidence for Fault
Rupture Parameters

The M; 5.5 1966 Parkfield earthquake was well-recorded on the BRK
broadband system, providing data for many investigations since. In one study
the Love wave spectra were analyzed for propagation of the rupturing fault
surface, This early application of directivity effects compared Love wave
spectra for five of the larger earthquakes in the sequence, shown in Fig. 1.
The spectra, seen in Fig. 2, reveal clear notches at periods consistent with

Spectral Evidence for Fault 3 kmisec

Rupture Parameters P Mag fea—1 min—a|
FIG. 1. Love waves of the five 5.5

Parkfield earthquakes used in this

study.
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Spectral Evidence for Fault Rupture Parameters

FIG. 2, Ratios of the amplitude spectra normalized to the smallest earthquake
used in this study.

a fault rupture length of about 30 km and a rupture velocity of 2.2 km/sec.
The four smaller events (M; 3.8 to 5.1) are quite similar, scaling at
10-20 sec periods closely with M;. The 5.5 M; main shock at these periods
scales to a much larger value than its measured M;, as seen in Fig. 2,
which represents an early demonstration of the A, saturation phenomenon.

Short Period Discriminant
at Regional Distances

A spectral ratio method was shown to successfully discriminate be-
tween underground explosions and natural earthquakes when applied to the
F, phase at regional distances. The data set included 69 events recorded
at the Berkeley network station JAS in the distance range 250 to 500 km
and the magnitude range 2.8 to 4.5 (Table 1). The F; spectral ratio
(0.6-1.25 Hz)/1.35-2.0 Hz) shows explosions and natural earthquakes to
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¢

a ‘Natural’ earthquakes
e Explosions

¥ Explosion ‘afterevents’
4 Collapses

8 Unidentified sources

Spectral ratio

[ K IER |

3.0 3.5 4.0 45
Magnitude

Short Period Discriminant at Regional Distances

Fig. 1. P, spectral ratio of vertical surface displacement, corrected for at-
tenuation with @ = 400, at JAS for events within 100 km of NTS. I and II
denote the earthquake and explosion fields, respectively.

separate into distinct sets for magnitude greater than 3.2, with explosions
relatively richer in the high frequency band. An interesting result was that
the spectra of afterevents of large explosions resemble the spectra of ex-
plosions more than that of natural earthquakes. However, these afterevents
appear to be more like natural earthquakes when the m,: M, discriminant
is applied.

Deconvolution of Teleseismic
P Waves from Explosions

Teleseismic P waves from the Amchitka Island explosions MILROW
and CANNIKIN were used to study the effect of the free surface on shallow
explosions. Homomorphic deconvolution was applied to short-period wave-
forms at 6 LRSM stations and 2 stations of the Berkeley network (Table 1),
Figures 1 and 2 show that the first 3 seconds can be interpreted in terms
of a direct P-wave, the surface reflection pP, and a slapdown phase associated
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Seismographic stations

Epicertral dist.

155

Azimuth

X TN

Station Type of instrument Location  from MILROW from MILROW
(deg) (deg)
Belleview, Florida  Geotech 18300 (CANNIKIN)  28° 54/ 19° N; 71 64-8
(BEFL) 8203 52 W
Berkeley, California  Press Ewing LP (CANNIKIN) 37 52 “4N; 42-7 B4-8
{BRK) 122 15 -6W
Houlton, Maine Portable Benioff (MILROW) 46 09 43 N; 669 44:0
(HNME) Geotech 18300 (CANNIKIN) 67 59 09 W
Kanab, Utah Large Benioff (MILROW) 37 0 22 N; 491 191
(KNUT) Geotech 18300 (CANNIKIN) 112 49 39 W
Las Cruces, Portable Benioff (MILROW) 32 24 08 N; 56:0 %1
New Mexico 106 35 SB W
(LCNM)
Priest, California Portable Benioff (CANNIKIN) 236 08 'SN; 448 856
{PRI) 120 39 -5W
Red Lake, Ontario  Portable Benioff (MILROW) 56 50 20 N; 5145 4.0
(RKON) Geotech 18300 (CANNIKIN) 93 40 20 W
San Jose, Texas Geotech 18300 (MILROW) 27 36 43 N; 614 772
(8JTX) Geotech 18300 (CANNIKIN) 98 18 46 W
1
08t ;
@ Slapdown
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Deconvolution of Teleseismic P Waves from Explosions

Fig. 1. Mean impluse train (solid line) % its standard deviation (dashed line)
for MILROW. Impluse trains from KNUT, HNME, LCNM and RKON were used
to compute the mean.
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Fig. 2. Mean impulse train (solid line) % its standard deviation (dashed line)
for CANNIKIN. Impulse trains from HNME, KNUT, SJTX and BRK were used
to compute the mean.

with surface spallation. The amplitude of the pP phase is only about half
that predicted by simple theory.

Surface Wave—Body Wave
Discriminants for NTS Events

Broadband data for NTS explosions, afterevents, and collapses were
compared with similar data for earthquakes in a study of relative excitation
of Rayleigh and B, waves for a large set of events recorded at BRK (Table
1), and a second set (Table 2) of events recorded on the LLNL four-station
broadband network around NTS. Stations are shown in Fig. 1, In an early
test of M,:m, convergence at small magnitudes, and an investigation of
the effects of tectonic stress release, these studies demonstrated that,
at least for NTS events, the surface wave—body wave discriminant persists
to events as small as M, 3.5 with no indication of convergence (Figs. 2
and 3). Furthermore, the data suggest strongly that the non-isotropic (non-
explosion) part of the source, whether due to tectouic stress release or
to medium hetercgeneity, involves processes acting very near to the ex-
plosion and coincident with it in time, at all yields studied (up to around 1 MT).




Event
Explosions

PINSTRIPE
CYCLAMEN
DUMONT
DI1SCUS THROWER
PUCE
KANAKEE
VUJ.CAN
HALFBEAK
NEWPOINT
GRELLEY
AGILE
MICKEY
COMMODOQRE
SCOTCH
KNICKERBOCKER
MIDI MIST
UMBEF.

YARD

KNOX
NDORSAL Fin
NCOR
SHUFILE
SCROLL
BOXCAR
DIANA MOON
NOGGIN
HUDSON SEAL
CREW
SCHOONER.
BENHAM
WINESKIN
BLENTON-THISTLE
JORUM
PIPKIN

CRUET
CYATHUS
SHAPEK
HANDLEY
CORNICE
MORRONES
HUDSON MOON
FL.ASK
BANEBERRY
FEMBUDD
LAGUNA
HARFBELL
Unidentified*
Unidentified~
PEDERNAL
UATHAY
Unidentified*

Explosion Collapses
DUMONT
HALFREAK
AGILE
YARD
KNOX
BOXCAR
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‘Table 1

Data on events voed in this study

Location

NTS
NTS
NTS
NTS
NTS
NTS
NTS
NTS
NTS
NTS
NTS
NTS
NTS
NTS

NTS
NTS
NTS
NTS
NTS
NTS
NTS
NTS
NTS
WNTS
NTS

NTS
NTS
NTS
NTS
NTS
NTS

Time Datc

1838 1966 April 25
1400 1966 May $§

1356 1966 May 19
2000 1966 Ma 27
1430 1966 Juae i0
1803 1966 June 1§
1713 1966 June 25
2215 1966 June 30

1750 1966 December 13
1530 1966 December 20
1850 19A7 February 23

1340 1967 May 10
1500 197 May 20
1400 1967 May 23
1590 1967 May 26
16 1967 June 26
1125 1967 June 29

1345 1967 September 7
1530 1968 February 21
1708 1968 February 29

1400 1968 April 10
1405 1968 April 18
1702 1968 April 23
1500 1968 April 26
1630 1968 August 27

1400 19u8 September 6
1705 1968 September 24
1515 1968 November 4
1600 1968 December 3
1530 19€8 December 19
1930 1969 January 15

1700 1969 April 30

1430 1969 September 16

1430 1969 October 8

1930 1969 October 29

1424 1970 March 6
2305 1970 March 23
1900 1970 March 26
1330 1970 May 15
1415 1970 May 21
1416 1970 May 25
1500 1970 May 26

1530 1970 December 18

1450 1971 June 16
1530 1971 June 23
1400 1971 Junc 24
1830 197t June 29

1400 1971 September 22
1400 197! September 29

1430 1971 Qctober 8

1430 1971 October 14

1337 1966 May 19
0133 1966 July 1

2111 1967 February 23
1425 1967 September 7
1634 1968 Fcoruary 21

1635 1968 April 26

Amplitude

Rayleigh Py L
40 08 45
1-0 04 4-2
10000 18-0 5-5
75 40 47
220 07 43
2-5 08 4-8
2:0 1-0 45
500:0 30-0 5-9
10 0-3 4-5
1440 0 60-0 62
80-0 120 55
(-5 1-5 4-6
1800 200 56
240-  14-§ 56
124-0 9:0 5-2
55 20 4.7
10 06 4:6
12-5 35 50
00 190 5-6
60 20 46
2.0 10 4:3
80 40 52
2-5 0-5 45
1960-0  80-0 6-3
-0 05 4-0
82-0 17-0 5:5
55 3-5 4-6
40 30 46
120 2:5 51
2720-0  48-0 62
26-0 60 50
30-C 5-0 50
1240-0 100:0 62
112-0 125 5:5
10 07 4-4
0-5 10 4-2
540 8-0 54
1360:0 1200 6-2
20:0 B-0 5-0
11-2 17 5.0
25 12 42
3000 14-5 5-2
7-0 4-5 49
20 05 42
2:4 i1 45
83 35 4-9
47 227 44
05 0-6 3-9
15 0-5 4-1
15 05 4-7
1-0 0-3 4-0
140 04 45
210 05 4.2
10-0 0-1 4-3
75 0-2 4-1
15:0 03 4-4
15:0 0-5 50




[P

BOXCAR
BENHAM
JORUM
JORUM
JORUM
JORUM
SHAPER
HAREBELL

Explosion Aftershocks

SCOTCH

BOXCAR
BENHAM
BENHAM
BENHAM
BENHAM
BENHAM
BENHAM

Earthquakes
CENTRAL NEVADA

ADEL, OREGON
ADEL, OREGON
SANTA BARBARA
SANTA BARBARA
SANTA BARBARA
SANTA BARBARA

158  Regional Studies with Brogdband Dats

Table 1 (continued)

NTS
NTS
NTS
NTS
NTS
NTS
NTS
NTS

NTS
NTS
NTS
NTS
NTS
NTS
NTS
NTS

86N 1162 W
42:2N 1198 W
42:3N 119-8W
343N 1197W
342N 1196 W
42N 119TW
MINI9TW

NORTHERN NEVADA 410N 1174 W

SANTA BARBARA,

SAN FERNANDO

SAN FERNANDO
NTS

34:2N 119-8W
34-4N {18 4W
344N 118-4W
369N 1160 W

* Unidentified NTS everts listed with explosions on basis of Rayleigh-£, ratios.

Surface-Body Wave Discriminants

for NTS Events

Fig. 1. Stations of the LLL net-
work (open triangles) and the
Berkeley (BRK) observatory.

1645 1968 April 26 210 02
2224 1968 December 19 47:0 03
1544 1969 September 16 40 06
1623 1969 September 16 60 04
1731 1969 September 16 13-0 05
1815 1969 September 16 15-0 0-3
0115 1970 March 24 64 -2
1441 1971 June 24 535 03
2014 1967 May 23 25 03
1532 1968 April 26 112:0 25
0014 1968 December 21 260 1:3
1810 1968 December 22 7-6 05
0634 1969 January 06 11-0 08
0941 1969 January 10 16:0 04
1701 1969 January 10 G0 0-2
1714 1969 Japuary 10 60 0-3
1321 1968 May 22 3,0 0-8
1255 1968 May 28 35 03
0037 1968 May 30 20 05
1912 1968 June 29 148:0 40
2036 1968 June 29 20 3
0036 1968 July § 220 0-5
0045 1968 July 72000 14:0
1402 1968 June 16 62:0 20
1433 1968 July 7 60-0 2:0
1401 1971 February 9 752000 10-0
0517 1971 February 10 18:0 0-8
17583 1971 August § 10-0 0-7

Elka

a

Mina
a
4 BRK }
NTS Kanab

Landers
a
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Broadband Studies of Earthquakes
in the Near Field
' Broadband recordings (0.03 to 10 Hz) in the near field (2 to 40 km)
' were used to study a series of earthquakes along the San Andreas fault
: in central California. Special broadband instruments were operated on both
( sides of the fault at the San Andreas Geophysical Observatory (SAGO).
The 13 earthquakes used in the study are listed in Table 1 and plotted in
| Fig. 1. Spectra were used to estimate scalar moments (Fig. 2) and establish
| a relationship between moment and local magnitude (Fig. 3). The near field
l terms of the elastic displacement field caused by an earthquake were clearly
f present on the seismograms (Fig. 5) and at near stations could be reasonably
well modeled by a point dislocation source in 4 homogeneous halfspace (Figs.
4 and 5), although the effects of tilt on the seismometers also had to be
t included.

f Q
o N\

3%
Hollister 36°50' N —
ASAGO East

F

A \

SAGO Central \
} M,
| * <45

®>45

== Faults

10 km-———i

l L
30’ 20’ 121°10° W

Broadband Studies of Earthquakes in the Near Field

Fig. 1. A map of part of central California showing the primary mapped fault
traces, the locations of the seismographic stations at SAGO-Central and
SAGO-East, and the epicenters of the 13 earthquakes studied. The identifica-
tion numbers key the earthquakes to Table 1. The open triangles associated
with the larger earthquakes denote the directions of principal compression
as determined from fault-plune solutions (Fig, 2).
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Broadband Studies of Earthquakes in the Near Field

Fig. 2. Example illustrating two different estimates of the low-frequency level
Q. and the corner frequency £, of the spectrum from the NS component at
SAGO-East from event 6 (Table 1).

26

®SAGQO Central /
©SAGO East /

Ltog M, dyne cm

Broadband $tudies of Earthquakes in the Near Field

Fig. 3. Relstion between seismic moment and magnitude. The solid line was
fit to the data points by linear regression and the dashed line is from Wyss
and Brune (1968). The SAGO-East values have been divided by a factor of
3 to remove an anuplification effect.




e

L PR

e e

L.R. Joknson and T.V. McEvilly 1658

10000

iy H"[l

1000

I ll”"l]

100

! ITllTﬂl

10

LB Iillﬂl

ol ol IMERR |

NS EwW

T
T

10000

1 H"lli
i I[HH{

1000

100

T III”q Tr III"![

LI IHH‘.{

1 il lllllll il lllllll L L bbb i - i
.01 A 1 10 .01 A 1 10
Hz

Broadbani Studies of Earthquakes in the Near Field

Fig. 4. Amplitude density spectra calculated for event 1 (Table 1) from
seismograms recorded at SAGO-Central (lop 2 spectra) and at SAGO-East
{bottom 2 speciva). The golid lines are calculated from the observed seismograms,
the dashed lines are sstimates of the noise, and the dotted lines are calculated
from the synthetic seismograms.
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Broadband Studies of Earthquakes in the Near Field

Fig. 5. The displacement seismograms from event 1 (Table 1) recorded at
SAGO-Central (top 2 traces) and at SAGQ-East (bottom 2 traces). The dotted lines
are the synthetic seismograms with an additional negative impulse in tilt at
the arrival time of the S wave.

Near Field Project

The ‘‘Near Field Project” grew out of some of the problems that
became apparent at the Woods Hole meeting on seismic discrimination in
1970. Because the type of high quality data necessary to test various
theoretical models of an earthquake was not available at that time, a
cooperative experiment was designed to trap a moderate size earthquake
within a network of stations designed to provide data over a large range
of frequency, azimuth, and distance. The Stone Canyon-Bear Valley sec-
tion of the San Andreas fault in central California was selected as the target
area, and U.C. Berkeley had the responsibility of develeping and installing
a network of three-component broadband seismographs. Both acceleration

and displacement were recorded and an effective bandwidth of 0.02 to 50 Hz
was achieved (Fig. 2).
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Near Field Project

Fig. 1. Map of a part of central California showing the locations of the sta-
tions of the near-field network (solid triangles) and the epicenter of the record-
ed earthquakes (solid circles) STC is Stone Canyon Observatory. The dashed
line is the surface trace of the San Andreas fault.

The 9 stations of the network were installed in early 1973 and remain-
ed operational until early 1977. Figure 1 shows the locations of the stations
and the epicenters of 3 earthquakes which provided useable data. Figure 3
shows the recordings of ground acceleration from the magnitude 3.3 event
on July 6, 1974, obtained at an epicentral distance of 2 km. The clear separa-
tion of P and S waves, the short duration of the phases, the high frequen-
cies, and the rather large accelerations for an event of this size are all of
interest. Figure 4 shows the recordings of ground displacement at the same
station from the same event. Here we see the large effect which can be
introduced by ground tilt at stations in the near field.
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Fig. 2. The system response functions of the acceleration and displacement.
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Near Field Project

Fig. 3. The outputs of the acceleration channels at station 2 for the earth-
quake of 6 July 1974. The maximuin accelerations on the NE, NW, and Z chan-
nels are 19.4%g, 11.6%g, and 12.5%¢g, respectively,
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Near Field Project

Fig. 4. The outputs of the displacement channels at station 2 for the earth-
quake of 6 July 1974 after being passed through a four-pole low-pass filter
with a corner frequency at 4 Hz. The maximum displacements on the NE,
NW and Z channels are 3220 g, 7720 u and 340 , respectively.

Fault Zone Properties from
Near Field Observations

Precise monitoring of seismicity in the Bear Valley—Stone Canyon area
of the Near Field Project led to improved resolution in epicenters (Fig. 1),
focal depths (Fig. 2), and fault piane orientations (Fig. 3). In addition, careful
analysis of the P-wave nodal planes for well-located events revealed a per-
vasive distortion (Fig. 4). This effect, interpreted in terms of a lateral velocity
change across the fault zone in the focal region, led to estimates of 20%
or more for the velocity jump on some patches of the fault plane,

Near Field Experiments at
the Nevada Test Site

Beginning in 1969, U.C. Berkeley has conducted an experimental pro-
gram of recording explosions at the Nevada Test Site. Table 1 lists the
13 events which have been recorded so far. These experiments have in-
cluded events in both Yucca Valley and Pahute Mesa. They have also in-
cluded a variety of recording arrangements, ranging from arcs at a single
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Fault Zone Properties from Near Field Observations
Fig. 1. Seismicity of Bear Valley/Stone Canyon study region, 1971 - 1975.
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Fault Zone Properties from Near Field Observations

Fig. 2. Cross section across fault at 36°34.5' to 36.0', showing narrow ver-
tical fault plane,
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Fault Zone Properties from Near Field Observations

Fig. 3. Orientations of right-lateral strike-slip fault planes (nodal planes) from
the P-wave focal mechanism solutions.
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Near Field Experiments at the Nevada Test Site

Fig. 1. Explosion sites ‘open circles with names) and respective recording
sites (filled circles) for near field data acquisition at Pahute Mesa.

distance, networks containing stations at a variety of azimuths and distances,
one-dimensional arrays, and two-dimensional arrays. Figure 1 shows the
events and stations for the experiments at Pahute Mesa. The combined
data set from this series of experiments is now large enough to permit
systematic studies of propagation and site effects, particularly for the Pahute
Mesa region.

Small Array Studies of
Wave Propagation Effects

Seismic arrays with dimensions of a few hundred meters have been
useful in helping to understand wave propagation effects at close distances
to both explosions and earthquakes. Figure 1 shows the array geometry
used to record the explosion COLWICK in Pahute Mesa and Fig. 2 shows
the records of ground acceleration. Through frequency-wavenumber pro-
cessiug of these data it was possible to show that the large transverse pulse
arriving 1.3 sec after the P wave (Fig. 3) is coming fron: the direction of
the explosion and arrives at a time consistent with cogeneration with the
P wave. These array experiments have also permitted studies of wave
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Small Array Studies of Wave Propagation Effects

Fig. 1. The eight stations of the COLWICK array arranged in nested triangles
of 400, 200 and 100 m. Each station consisted of a three-component
accelerometer package and a digital event recorder. Vertical is up, radial is

away, and transverse is clockwise from radial. COLWICK was 6 km 93° E
of N from the array.
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Small Array Studies of Wave Propagation Effects

Fig. 3. Eight-station stacked R and T acceleration records. Radial records
are shown at 0.4, —0.2, 0.0, 0.2 and 0.4 sec/km relative to the P wave
at the source azimuth (negative slownesses are faster than the P wave). The
strong radial P-to-SV converted phase is apparent 0.4 sec after the P wave
and with slowness 0.0 to — 0.2 sec/km with respect to the P. The amplitudes
shown are normalized to the amplitudes of the stacked 0.0 sec/km
seismogram. Transverse records are shown at 0.0, 0.1, 0.2 and 0.3 sec/km
relative to the P wave at source azimuth. The large pulse 1.3 sec after the
P is between 0.2 and 0.3 sec/km slower than the incident P wave, as sug-

gested by the f-& spectra.

coherency. Figure 4 shows that for distances of a few hundred meters,
there is a considerable loss of coherency for frequencies above 5 Hz.

NTS Area Crustal Velocity and @ Structure
from Broadband Surface Waves

An application of the phase-matched filtering process to multimode
Rayleigh and Love waves from NTS explosions recorded at the four LLNL
broadband stations (Fig. 1, Table 1) proved surprisingly effective in ex-
tracting pure-path group velocities. Fundamental mode Love and Rayleigh
waves and first shear mode of the Rayleigh wave were observed, yielding
data in the period range 2 to 50 seconds. Data for the Landers station are
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Fig. 4 (a) and (). Bandpassed and Jowpassed cross-correlation function max-
ima for station pairs (1,2), (1,4), 2,4), (7,8}, 3,9), 3,4) and (4,9). The intersta-
tion distances are 400, 200, 200, 100, 173, 173 and 346 m apart, respectively
andindimedmtheﬁmStaﬁmpniu(l,Z),(l,«i),(Z,&)de,&)msewated
transversely, or across the wave front, and are generally better correlated. Sta-
tion pairs (3,9), 4,9) and (3,4) are longitudinally separated. Bandpass filters were
selected at octaves 1.25 to 2.5, 2,5 to 5.0, 5.0 to 10.0 and 10.5 to 20.0 Hz.
Lowpass filters were selected at 1.25, 2.5, 5.0, 10.0 and 20.0 Hz. All station
pairs show a fall-off of correlation with increasing frequency content ahove 5
Hz. Window P+5 (b) includes P and S waves while window P (a) encompasses
only the P wave and its coda,.

shown in Fig. 2, in which observations are given as dots. These velocities
are the lowest found for the Basin-Range, apparently because they repre-
sent the shortest observation paths ever used, thus avoiding upward bias
of true velocities inherent in the averaging process which is involved in us-
ing long paths. Inversion for structure yields the NTS-Landers model of
Fig. 3, and the calculated dispersion curves are shown as solid curves in
Fig. 2. Statistically significant differences in models for the four paths are
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Table 1: Selomic Sonrce Information

Origin Time Location Magnitude
Event Date hims Lat.{N) Long. (W) Depth(m) m*

Escabos 710474 16 00 00.1 31075 116.032 640 5.7
Collpase® 2410/74 Nnevan .08 116.032

Sianysn 9/26/74 1505 00.2 3 116.068 56
Colispee 9/26/74 15 54 352 i 116.068 37
Topgallamt | 2/28/75 1515 00.1 37.106 116.056 713 5.7
Collapse 2729/ | 0119 263 31106 116.056 40
Stilton 6/3/78 1420000 37.340 116.523 731 59
Mizzen 6/3/718 14 40 00.} 31098 116,036 637 5.7
Kasperi 10728775 | 1430000 37.290 116412 126 64
Injet 11/20075 | 1500001 37.228 116.368 317 60
Chiberta 12/20/75 | 2000002 nn 116.062 716 57
Mueagter 143/ 1915 00.2 17,300 116330 145) 64
Fonitina yTAFIA 14 45 00.2 mm 116.488 1219 6.3
Cheshire 214176 11 30 00.2 37.243 116.420 1167 60
Estuary 3/917% 14 00 00.4 710 116.364 89 60
Coliapee 39176 16 55 03.4 17310 116364 4l
Colby 31476 1230002 17310 116.470 1273 6.3
Colapae 31417 1409 520 317310 116.470 4l
Coliapet 3714476 1418150 31310 116.470 43
Pool 371776 1415 00,1 37.2% 116.312 9 61
Strait 3% 144500} 37107 116.082 780 ¥
Rudder 12/28/% | 18000098 37.100 116.036 640 55
Cotlepse 1228076 | 209260 37.100 116.036 a4
Marsitly /511 15000047 310 116.067 €90 L]
Collapse &/517 16 57 105 710 116.062 4
Scantling 19T 17 35 00.08 37.110 116.05$ 701 LR
Ferallones | 12/14/77 | 13300010 31 116.086 56
Panic 378 14 60 00.16 31.2% 116.357 631 55
Cotlapse 3 | 3% 16s 31.2% 116.357 'Y
Rummy 921N 17 20 0n.08 31.0%0 116.05¢ 640 ¥
Cotispse $/11/18 1910222 31.080 116.051 45
Farm 12/16/78 | 15300036 3727} 116.410 5.5

*Local magnitudes sre from the Bulleting of the Umvetiily of Califorms Berkeley Seismographic Station.

seen, apparently correlating with the regional variations in heat flow. Pure-
path amplitudes are also extracted by the phase-matched filtering, and they
allow estimation of a regional @ structure which, while highly uncertain,
indicates @ values greater than 100 in the upper 5-10 km, and less than
50 below that depth. These new data on Basin-Range structure will be used
to improve Greens Functions for explosion source inversion from regional
data sets.
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Fig. 1. LLNL network.
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Fig. 3. NTS ~ Landers model based upon inversion of data in Fig. 2.

Source Studies Through
Moment Tensor Inversion

One approach to the study of both explosion and earthquake sources
is to characterize the source in terms of the seismic moment tensor. This
is a linear inverse problem, and given sufficient recording coverage in
distance, azimuth, and bandwidth plus the capability to generate realistic
Green Functions, useful results can be obtained. This procedure was ap-
plied to the first 5 sec of data from 24 channels of acceleration recorded
from the explosion HARZER in the distance range 2.2 to 6.8 km. Figure 1
is a comparison at one station between observed accelerations and those
predicted by the estimated moment tensor. Figure 2 shows the 6 elements
of the moment tensor which emerged from the estimation procedure. The
source is dominated by the isotropic part of the moment tensor which is
shown in Fig. 3. The deviatoric part of the moment tensor can also be analyz-
ed in terms of its eigenvakues and eigenvectors. This leads to a result which
is predominantly east-west extension and vertical compression, and this
appears to be consistent with the faulting pattern in Pahute Mesa.
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Source Studies Through Moment Tensor Inversion
Fig. 1. Observed and calculated accelerations for station H9 of HARZER.
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Fig. 2. Estimates of the elements of the first-degree moment tensor of the
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Fig. 3. Estimate of the isotropic part of the first-degree moment tensor of
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Seismic Wave Propagation Effects —
Development of Theory and
Numerical Modeling

Paul G. Richards

Abstract

1 discuss methods applied to the detailed interpretation of seismograms,
emphasizing what has been learned about Earth structure (rather than the
seismic source). The theory and practice of working with synthetic
seismograms 1s described in broad terms. The main idea is to work with
the sum (or integral) over wave solutions in separated variables. The sum
is taken over horizontal wavenumber (or ray parameter), and frequency.
The terminology of normal modes, surface waves, and body waves, sup-
Dlies three somewhat different perspectives. Some detailed exampies are given
of the opportunities and problems of seismic wave analysis, where there is
influence from structure in the crust, and/or mantle, and/or core. At periods
(T) greater than about twenty seconds, there is now, in general terms, a
Jasrly complete understanding of seismograms, apart from certain effects
duce to lateral variation in Earth structure. For 1< T < 20 seconds, only
limited portions of a teleseismic record (e.g., about 15 secunds following
a P-arrival, or 30 seconds after SH) may be well understood. At the short-
period end of this range there is debate about trade-offs between the seismic
source (for a particular event, is it strong or weak?) and attenuation in
the Earth (strong, or weak).

For methods based on spherically symmelric Earth models, and par-
ticularly clean data sets (why are they clean?), excellent agreement between
waveform synthetics and dala s ofien possible. But of course this is not
enough, particularly in deciding the irade-off between source spectrum and
attenuation; and sometimes the agreement is less than excellent. This paper
will give a case jor interpreting body wave observations tn terms of Earth
models with quite low intrinsic friction for teleseismic short-period phases,
and will crificize certain use of absorption band models in which pulse
broadening is linked to properties of pulse amplitude spectra. Scaltering,
esther by thin layering in the mantle or by lateral and vertical heterogenesties,
may play an important role. The success of future analysis may lie in
separating the deterministic component of the Earth’s profile (i.e., a stan-
dard model in which there is smooth variation of velocity with depth, plus
a few discontinuities), from a superimposed statistical component. As we
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face the complications of an Earth which internally may be inhomogeneous
on gll spatial scales, with evidence too for some anisotropy in the upper
mantle, it is clear that our science is now restrained by inadequacy of ovr
data.

Introduction

The detailed interpretation of s=ismograms has become, in the last
fifteen years, a sophisticated exercise in modeling. A recorded motion
of the ground may be given to an analyst, who seeks to match it purely by
computation of what happens in the model. His model must have a descrip-
tion of the source, an appropriate theory of wave propagation, and a
description of the Earth'’s internal structure. And these three components
must be developed in a computational package that takes the assump-
tions the analyst makes and translates them into a synthetic seismogram
more or less like the data.

Synthetic seismograms now do indeed quite often look remarkably
like the data. Figure 1 gives some examples, and they represent a very
considerable achievement. They indicate in general terms that seis-
mologists are now working with quite good models of the source; that
we have developed an appropriate theory of wave propagation; and that
we have reasonably accurate models of Earth structure. It appears too
that computational packages for generating synthetics are now effective
and trustworthy. Note that for the different examples of Fig. 1, com-
putation of synthetics was developed quite independently and successfully
by many people.

For the broad purposes of the VELA program, it is most important to
appreciate and to acknowledge the general success of modern seismology
as demonstrated in Fig 1. Seismograms are now being used and under-
stood in detail in ways not possible ten years ago. I emphasize this,
because experts do disagree in some important areas of seismogram in-
terpretation. Later sections of this paper emphasize some of these
disagreements, but the broad picture is one of solid progress.

The intent in what follows is to review the use of synthetic seis-
mograms, as applied to learning about the Earth’s internal structure. Well
before the use of synthetics, knowledge of deep Earth structure (deter-
mined from travel time curves) was intensively developed in terms of
velocity models for P-waves and S-waves. Thus, by 1939 the indepen-
dent efforts of Beno Gutenberg and Harold Jeffreys in applying ray theory
had led to velocity models of the whole Earth which differ from each other
by only a few percent. In the depth range 800-2800 km, there is less
than 1% difference between their two P-velocity models, and less than
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Event of 11/08/80, 10:27:34.0, Lat 41.12, Long —124.25, Depth 19.0

Before Inversion
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Fig. 1a. A comparison of data (top trace in each pair} with synthetic
seismograms for a shallow earthquake. The upper panel shows the result of
a ceatroid-moment tensor inversion in the Prelininary Reference Earth Model
(PREM) of Dziewonski and Andersoa [1981], and the lower panel shows the
improved result after path ccrrections (controlled by lateral heterogeneity)
have been determined. From Woodhouse and Dziewonski [1984].
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Event of 6/22/82, 4:18:40.5, Lat —7.38, Long 126.12, Depth 450.0

Beofore Inversion

After inversion

Time (hours)

Fig. 1b. Same as Fig. 1a, but for a deep event. From Woodhouse and Dziewon-
ski {1984].

1% too between Jeffreys’ model and the model 1066B of Gilber: and
Dziewonski [1775].

Accw te estimates of crustal thickness had begun with Mohoroviic
in 1909; " utenberg in 1913 gave the depth to the core-mantle bound-
ary as 2¢ _) krm; and the existence of an inner core was recognized by
Inge Lehmann in 1936. What then has been added, by use of synthetics
{i.e., the ability to work with whole waveforms in the data)?

1t is generally recognized that the upper mantle contains two depth
ranges (around 400 km and 650 km) within which the velocity gradient is
anomalously large. But this was convincingly demonstrated by Johnson
[1967] again using travel time analysis (with an array), not synthetics.
Note too that the oil industry has in the 1980’s been spending about
$4 billion per year on the acquisition and processing of geophysical data
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Fig. 1c. Comparison between observed hydrophone records and synthetics
using the reflectivity method in the oceanic crustal models shown on the hot-
tom. From Spudich and Orcutt [1980].
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Fig. 1d. Comparison between ocbserved (top) and synthetic (below) P waves
for the 29 April 1963 Puget Sound earthquake. The P waveforms were
simultaneously modeled for source and structure paraineters. Arrivals
between P and pP were interpreted as reflections from inferfaces ahove the
source. The inferred crustal structure is shown on the lowr:r left. On the lower
right, is a display to indicate the effect of the low veiucity zone. In each pair,
the synthetic for a one layer crust lies above, and the synthetic for a crust
with low velocity zone lies below. Other studies in the region have also found
evidence for a low velocity zone. From Langston and Blum {1977].
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(almost all of it multi-channel seismics), and little of this goes for syn-
thetics, in an industry dedicated to getting results.

From this brief history, it is not simple to make the case that use
of synthetics is essential, purely for elucidating the Earth’s velocity struc-
ture. However, there is a good case. It lies first in the ambiguity of in-
terpreting imperfect travel time data {Backus and Gilbert, 1969]. For
the ensemble of Earth models that fit a given set of travel times, syn-
thetics impose constraints that act to reduce the ensemble, limiting it
to Earth models for which amplitude and waveform data are fit, too. (For
study of complex crustal structures, the oil industry has taken the route
of hugely expanding the travel time set.) Another reason for using syn-
thetics, in global seismology, is linked to the averaging properties of long
period data, which permit accurate estimation of velocity structure averaged
over tens of vertical kilometers, and over hundreds or thousands of
horizontal kilometers (see Fig. 1ab).

If our interest includes not only velocity profiles, but attenuation within
the Earth, then travel time analysis is inadequate, and use of synthetics
(or, at least, study of spectral amplitudes) is essential. However, the
vast literature on seismic attenuation does not yet indicate that agree-
ment has been reached among different groups of seismologist, on ac-
ceptable profiles of attenuation. Because of its importance for studies
of the seismic source (and vield estimation in particular), research on
attenuation is very active. Some topics in this field are reviewed below,
intended to make two points. First, that body wave pulses that have
traversed both upper and lower mantle should probably be interpreted
with an average Q that rises with frequency, having values of Qg of
1 Hz that are 4 or 5 times higher than values at 0.01 Hz. Second, that
attenuation of seismic waves may partly be caused by scattering from
small-scale heterogeneities.

The following section gives a brief review of the theory. Later sec-
tions describe: some numerical experiments that compare different
methods for computing synthetics; some particular examples of Earth
structure that have been proposed on the basis of comparison between
synthetic and observed waveforms; and a description of problems that
arise in interpreting the attenuation of body waves.

Theory

To quantify the seismic waves excited by a given source, it is useful
to replace the source by an equivalent body force, and to develop a way
of computing the seismic waves set up by such an equivalent source.
The most widely used equivalent body force for a point source is the
second order moment tensor M, characterizing nine possible couples from

o PR P
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which can be constructed the radiation for an explosion or, in the case
of a natural earthquake, for a generally oriented displacement discon-
tinuity. Conservation of angular momentum requires that M be symmetric,
and thus have only six independent components. The text by Aki and
Richards (1980), hereinafter cited as AR, gives an extended presenta-
tion of the theory,

If M is known, for a particular point source, what is the resulting
seismic motion?

This question can be answered, by giving explicit formulas for the
excitation of seismic waves such as P, S, Rayleigh waves, Love waves,
or normal modes, by the given source. It is particularly simple to do this
for normal modes, as Gilbert (1971) showed by using ideas from Rayleigh's
classic text on the theory of sound. If ;u(x)cosw;t ¢ ~;!/2¢; is the jth
normal mode of the Earth, with frequency w;j and temporal attenuation
Q , then a seismogram is just a sum over j wrth excitation coefficients
ngen by the moment tensor. In fact, the result for ground displacement is

- g,-t/ ZQl-)cos a&-t '

Here, ;e (x) is the Earth strain (at the source) in the sth mode; an over-
bar indicates a complex conjugate; an overdot is a time derivative; an
asterisk indicates convolution; and e:M = ¢, MM

Equation 1 is one of the most important starhng points for modern
seismology. From it, one can go in the direction of Woodhouse (1982)
and Woodhouse and Dziewonski (1984) who generalized to allow aspherical
perturbations and subsequently developed an inverse scheme to obtain
global patterns of heterogeneity [see also Tanimoto (1984)]. Or, Eqn. 1
can be used to study the excitation of surface waves, by developing a
‘‘traveling wave’' interpretation of the ‘‘standing wave'’ Legendre func-
tions for normal modes in a spherical Earth (AR; Section 8.3). That is,
we can find an expression for the Rayleigh wave or Love wave motion
at x due to a moment tensor characterization of a point source at x;
{Mendiguren (1977); and AR equations 7.147-7.150]. [Of course, there
had been earlier successes in finding workable expressions for the sur-
face waves set up by a given point source. Keilis-Borok and Yanovskaya
(1962) did this for Love waves; Harkrider and Anderson (1966), for
Rayleigh waves. Papers by Ben-Menahem and Toksoz (1963), Haskell
(1964) and Ben-Menahem et al. (1965) derived the basic radiation pat-
terns for surface waves from point sources, but their expressions did
not lead naturally to a method for synthesizing wave trains.] Another

6Y)

u@x,h) = Y (€5 : M) »ux) 1—exp!
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development gives the body waves due to a moment tensor source. This
was done by McCowan (1977) in the context of ray theory; and Aki and
Richards (1980; Box 9.10) and Langston (1981) give details for generalized
rays. Although these authors did not start from the normal mode perspec-
tive, their results could have been obtained from Eqn. 1. Finally, if the
seismic source is effectively of finite extent, then moment tensor con-
cepts can be extended using, for example, a moment density tensor; or,
using point source moment tensors with order higher than two.

Therefore, in order to obtain a general understanding of how syn-
thetics may be computed, and whether seismic motions of interest will
be large or small, one can go back to see what general features emerge
from Eqn. 1. The first term describes the radiation pattern and time
dependence of the source. This is convolved with the rest of the ex-
pression, describing the possible waves that can indeed propagate in the
Earth model for which one is computing synthetics. And, most impor-
tant of all, for practical details that differ radically between different
methods of obtaining synthetics; there is a sum over j. The normal mode
sum, for a spherical Earth, would take j as discrete, systematically in-
dexing modes that individually are naturally described by a triplet of in-
tegers (¢, m, n), say. Here, £ and m are the angular and azimuthal order
numbers associated with surface harmorics, e.g., P (cos 6]¢"™®, and
n is the overtone number for the radial eigenfunction. The symbolic ‘‘sum
over ;' is thus a triple sum, over £ and m and n. The sum over m is
small, being at most over the range —2 < m <2 (unless we use higher
order moment tensors), because of the simple, broad-lobed, azimuthal
radiation patterns for seismic sources.

We therefore factorize Eqn. 1 and can think of the synthetic as a
sum over £ and over 1, of an expression where the dependence on source,
Earth structure, and receiver are relegated to different factors:

2
ulx,t) = E E E f (details of the source) efm

{ n m=-2

X g (receiver depth, and details of the Earth model)

x h (honzontal separation of source and receiver). (2)

Each of the functions, f, g, and h depend on £ and ». But, for a laterally
homogeneous Earth, g is independent of m.

Equation 2 gives another view of the basic procedure for computing
synthetics. Closer examination of the sum over m, and the m-dependent
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function f, shows in practice that the synthetic depends only on a very
few linear combinations of moment tensor elements. Thus, with a carte-
sian coordinate system at the source in which x is north, y is east, and
z is down, it is simple to get the following results:

(a) for all synthetics where we are interested only in P-waves

leaving the source, we need only work with three hasic synthetics, and
combine them as

u(x,?) for P-wave source = }P'!u 'E E fritn) gh
£ n

+(cos’GM,, +sin2gM,, +sin’oM, ~M,) » 1) ¥ f,{En)gh
t »n

+(cos¢M,, +singl,)+ T T fltmgh s @
!t n

(b) for all synthetics where we are nterested only in SV-waves
leaving the source, we need only work with two basic synthetics, and
combine them as
u(x,t) for SV-wave source

= (cosz¢A'!u+sin2¢ﬂ:I,,+sin2¢ﬂ”—A'lﬂ) . E E fi&n)gh
t n
+(cosoM,, +simpM,,)+ } ¥ fsbnlgh ;@
¢ n

(c) for all synthetics where we are interested only in SH-waves
leaving the source, we need only work with two basic synthetics, and
combine them as
u(x,t) for SH-wave source

= (hsin2¢[M,,— M,,) +cos2¢M,) =} T fs(tn)gh
f n

+ (cos¢A'lyz~—sin¢b.In)*E Y frtmgh . ®)
[
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Thus, by ‘‘basic synthetic’’ we mean one of the sums over (£ n) in
Egns. 3-5, where each term has a factor (f, in the above) depending on
the source depth; a factor (g) depending on the vertical wave function,
and a factor (h) depending on the vector surface harmonic.

The angle ¢ in Eqns. 3-5 is azimuth from source to receiver measured
(2s usual) clockwise round from north. There are many different ways
to rearrange terms in these three equations. With the choice above, an
expiosion radiating P-waves symmetrically in all directions out of the focal
sphere is described merely by the first of the three P-wave expressions.

For a point dislocation, characterized by its strike (¢,), dip (8), rake
M), and seismic moment M, (¢), the moment tensor has components

M, = —M,(sind cos\ sin2¢, + sin28 sin\ sin’g,) ,

M,, = M,(sind cos\ cos2¢, + % sin28 sink sin2¢,) = M,, .
M., = —M,(cosé cos\ cosé, + cos26 sin\ sing,) =M, ,
M,, = M,(sind cosh sin2¢, — sin2 sink cos’s,),

M,, = ~M,(cosé cos\ sing, — cos28 sin\ cos¢y) = M, ,

M, = M, sin25 sinh . ©)

For an explosion source, seismologists associated with the VELA
program usually work with a reduced displacement potential
(RDP), ¢y = y(t), such that radial displacement at distance r is
(8/3r) [y (¢ — r/a) /r] in a homogeneous region with P-wave speed a.
Such a source, symmetrically radiating P-waves alone, has moment ten-
sor components given by

M;=M@®5; v}

with M, related to the RDP via M, = 4x(\ + 24)RDP = 4xpa?
(\ and u are the Lamé constants, p is the density).

Miiller (1973) pointed out that the scalar moments M, and M,
associated respectively with earthquakes and explosions, have similar
properties when interpreted in terms of displacement across surfaces
associated with the source. Thus, for an earthquake, M, () = p<u>A
where A is the area of faulting, and < «(#) > is the average displace-
ment discontinuity across A at time {. For an explosion, M,(t) =
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(AN + 2p)u, A where A is the area of a sphere centered on the explo-
sion, and «, is the radial displacement (outward) on A.

Equations 3-7 are the basic formulas used for computation of
synthetics, for varthquakes or explosions, for surface waves and body
waves on/in a laierally homogeneous Earth. In practice, they can also
be used for normal modes (except for very low values of £). Though the
generality of these equations is obvious from their basis in normal mode
theory, it is not generally recognized that the multitude of different
methods for computing body waves, surface waves, leaking modes, head
waves, elc. are all special examples of Eqns. 3-5. Let us continue to ex-
plore the structure of these equations, in particular the summations over
fand n.

We know that angular order number {is related simply to horizontal
wavenumber (k), and to ray parameter (p) via

f+1/z=k=wp

(often called Jean's relation; see AR, pages 356 and 415). For cases where
we prefer to work with a continuum of wavenumbers or ray parameters,
we can therefore replace the summation operation L by integration
as fdkorw/ dp. ¢

At fixed £ (or k), the overtone number » increases with frequency
w. For cases where we prefer to work with a continuum of frequencies,
we can replace the summation operation Lby integration as [ dw.

The literature on theoretical seismic wave propagation is vast,
because (i) the details of going from sums over (¢, n) to integrals over
(k, @) or (p, w), are not trivial, and occasionally take one into laborious
exercises that call upon wide knowledge of Legendre functions, Bessel
functions, and properties of functions defined by integrals; (ii) there are
many alternate routes to the particular answer in which one is interested:;
and (jii) there are many ways, in practice, that different seismologists
have developed for obtaining the integrands and for actually carrying
out the integrals over (k, w) [or, over (p, w), or, sums over (p, n)].
Chapman (1978a, b) has advocated carrying out the frequency integral
first, for synthesizing body wave seismograms, so that intermediate
results are found as a function of ray parameter, before the final integra-
tion over p. He calls this sequence a slowness method. Synthetics that
are produced by first integrating over p, to obtain intermediate results
in the frequency domain, are obtained by a spectral method, requiring
a final integration over frequency components. Cagniard-de Hoop methods
are a particularly elegant series of procedures that allow the outcome
of (p, w) integrations to be recognized without actually having to carry

r______,‘, — e
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out either integration. In many of these methods, the integral over p is
taken into the complex p -plane. In some cases, there is merit in work-
ing with complex frequencies.

The question of which method for computing synthetics is 1n0st ap-
propriate for interpreting a particular set of waveform data, is not amenable
to a simple answer.

If the data contain long periods (> 60 s) with signal lasting several
minutes, then it is natural to work with normal modes, or with a surface
wave method if one can avoid the problems of interference between waves
that have traveied on minor arc, major arc, and giobal great circles
between source and receiver.

If the data is recorded in the near field or at ‘‘regional distances’’,
and composed of wavelengths short enough to be unaffected by gravita-
tion, then many seismologists have found it natural to work with a con-
tinuum of horizontal wavenumbers. In recent years, direct integration
over (k, w) has become practical in these cases. The reflectivity method
originated by Fuchs takes this route. In practice it depends heavily on
the ability to compute all plane-wave multiples in a stack of homogeneous
elastic layers — an ability pioneered by Haskell (1953, 1960, 1962). Fuchs
and Miiller (1971) assessed this method for crustal structures; Kind (1976)
gave a fast program for obtaining the integrand as a function of (k, w);
and the method has been extended to find wide application even at
teleseismic distances [e.g., Grand and Helmberger (1984) use it to validate
another method for examining SH waves out to about A = 100°, which
may be influenced by structure at the base of the lower mantle]. If the
*“reflectivity method’’ [an inadequate but widely used phrase, referring
to direct integration over real (k, «) values] is applied to include surface
waves as well as body waves, then numerical complications arise in that
the real-axis path of k -integration includes singularities (poles) requir-
ing special treatment. Bouchon (1981), Apsel and Luco (1983) and Luco
and Apsel (1983) show how such surface wave contributions can be
assessed. And Harvey (1981) developed a ‘‘locked-mode’’ approach in
which the set of ‘‘surface waves’’ (discrete modes) was made to pro-
vide a complete basis for seismic motions within a finite time window.
More recent procedures, for computing synthetics in layered structures
that allow body wave multiples and all surface wave modes to be included,
permit individual layers to be inhomogeneous. [Kennett's (1983) textbook
reviews his own research contributions; see also Cormier (1980)].

It must be acknowledged that programs for synthesizing all multiples
and all surface waves, in realistic structures, are viewed as quite cumber-
some and expensive to run, if they are to sample (k, w ) space sufficient-
ly well to produce long-duration broad-band time series that match the
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signal-length and band-width of modern digital data. It has therefore been
necessary in practice to develop methods for synthesizing isolated por-
tions of a seismogram, usually body wave pulses, that one presumes are
modulated only by restricted regions of the Earth’s interior. This is the
subject of generalized ray theory. There are many such theories, t.e.,
there are many different approximations proposed, for choosing the in-
tegrands for (p, ) integration, and for executing the integrals.
Helmberger (1968) took a major practical step, when he showed how
Cagniard-de Hoop methods could be used, with appropriate approxima-
tions, to get the generalized reflection response (head wave, wide angle
reflection) of a single interface below a stack of layers. He applied this
to marine refraction (hydrophone) waveforms in the Bering Sea, and by
trial and error with layered Earth models was able to study the transi-
tion from oceanic crust to mantle across the Moho. This moved seismology
to a new level of analysis, since it stimulated our need to know detailed
source time functions, Earth attenuation, and instrument characteristics,
before even z start could be made on getting at the potential Earth struc-
ture information in recorded waveforms.

Unfortunately, the Earth is not made very well (John Ewing, per-
sonal communication). This is stated from the perspective of one who
sets out to obtain a reasonably complete description of Earth structure
using the details of seismic arrivals and waveforms (i.e., reasonably com-
plete for purposes of answering fundamental questions in petrology, and
other branches of Earth science). From structures at depth (e.g., the
‘“‘Lehmann discontinuity’’ at about 200 km depth; velocity gradient
anomalies (at about 400 and 650 km); anomalous velocities at the bot-
tom of the lower mantle and top of the inner core), there is tantalizing
evidence from possible reflections that we can state new properties of
the Earth, But, in light of subsequent work, it turns out broadly that three
problems arise. (a) Non-uniqueness. Instead of an observed waveform
Leing interpreted by the modulating effect of some newly proposed deep
structure, it may turn out that shallow structure under certain of the
receivers recording the data can have the same effect. Also the trade-
off between source spectruin and attenuation is notorious. (b) Various
effects arising from lateral variation in Earth structure. For example, some
of the earliest observationg of short-period core-diffracted P-waves in-
dicated arrivals with frequency content up to 1 Hz even out to 125°. But,
for other source-receiver pairs, diffracted P is seen only at much longer
period. Inversion of sub-sets of the data give different structure. (c) For
complicated models of Earth structure, it may not always be certain that
we know how to solve the forward problem, i.e., to generate synthetics.
Certainly, this is the case for many three-dimensional structures, and
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anisotropy introduces new levels of non-uniqueness and problems in for-
ward modeling.

Since a companion paper oy D. L. Anderson discusses three-
dimensional modeling of the Earth, I shall in what follows emphasize one-
dimensional modeling, f.e., in structures that vary only in depth.

Computation of Synthetics in
Depth-Dependeant Structures

One of the best ways to build confidence in one’s ability to com-
pute synthetics, is to check that essentially the same synthetic is repro-
duced by two different methods.

Thus, Fig. 2 compares two computations of the ground motion ac
80° for the P-wave group (P plus pP plus sP), using a point shear disloca-
tion at depth 15 km and specified values of [¢,, 6, X, M, (¢)]. Though
these computations are merely the outcome of geometrical ray theory,
they are executed somewhat differently. In the first computation, an elastic
Earth model is assumed. Then the motion at distance A,

“(Ao’ t) = E E fgh
{ =n
is manipulated into the form
@A, t) = [dsetst [ F(ps)e —sITW-pa@)+piddp

where T(p) and A(p) are respectively the time and distance of
emergence of the ray with ray parameter p; and s is the independent
Laplace transform variable. For an elastic Earth model, F(p,s) can be
factorized in the above integrand, and a Cagniard method (i.¢., one that
directly recognizes the outcome of the pair of integrations, without the
need to execute each explicitly) is applied. For the final synthetic, the
effects of attenuation, source-time function, and summation as in
Egns. 3-5 are accounted for. In this computation, a frequency-independent
Q was used with a £* value of 1 s (#* = [ @ -1 d¢ along the ray), apply-
ing a Carpenter [1967] operator that gives a small amount of body wave
dispersion. Details are given in Langston and Helmberger [1975] and
Langston [1981].

In the second computation of Fig. 2, an anelastic model is assumed,
with complex values of P and S velocity. The motion at distance A, is
manipulated into the form

#(A,, 1) = [ dwe=iot [ G(p, w)eiwlT@®) -pa@)+s8,17p
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—n 1.70mu 2.15mp
0.45mu
-1.60mu —— V-2.25mp — V-1.07mp
1.78mu ’ 15s ' 2.35mp
0.6mu
-1.70mu -2.30mp =-1.23mu
3=15° 3=45° 3=75°
Mo(f)A
25x10%%)
dyne-cm/sec

A 1 I 1 —
>

| 2 3 4 5
t, seconds

Fig. 2. Each pulse gives the P-wave group (P + 3+ sp) at distance 80°, and

30° off the strike direction, from & point source 1Z km deep. Rake is 90°,

and results are given for three different dips. These are displacements in the

upward vertical direction (after a free surface correction). t* is taken as 1

zecond, end che time dependence of the source is given at the bottom of the
gure.

The upper row uses a Cagniard first motion approximation [Langston and
Helmberger, 1975). The lower row (which has the same time scale but it
displayed with a slightly different amplitude scale) uses the complex saddle
point spectral method reviewed in the text, with model PEM-C and a @ struc-
ture that gives t* = 1 at 80°,

Numbers displayed are displacement in myu. The two methods, each of
which is basically geometrical ray theory adapted to an attenuating medium,
agree to within about 10%.



P.G. Richards 199

Having sampled the integrand in real p at fixed w, the vicinity of a sta-
tionary value of T'(p) —pA+pA, is easily identified. By fitting a parabola
one obtains the constant T, p,, and (0A/dp) in

(p—p0* —234A
T(ﬁ) —pA(ﬁ)+PAa - To + 2 ap *
Just these three constants are all that is needed to obtain the ‘‘first-
motion’’ approximaticn, though here it is interesting that T, is complex
(with imaginary part equal to 0.5 £*), and the method is unchanged if
@ (and hence ¢*) is frequency dependent.

The main point from Fig. 2 is that agreement in amplitude and
waveform appears very good. For isolated body-wave pulse shapes it
can be presumed that synthetics are trustworthy in the distance range
30°-90° (apart from interference from core phases). It is from body-
wave data in this distance range, that much has been learned about seismic
sources.

However, using synthetics to learn about Earth structure usually
necessitates more than just the geometrical ray examples of Fig. 2. With
multiple arrivals, and effects coming from velocity gradients in the model,
can we still be sure that synthetics are accurately computed? Burdick
and Orcutt [1979] explore comparisons between generalized ray and
reflectivity methods of synthesis. They give a rare, and very useful, sum-
mary of some of the difficulties encountered in computing synthetics for
upper mantle structures. Figure 3 describes some of their results. Though
they conclude that ‘‘the reflectivity and generalized ray methods.... yield
essentially the same results’’, they did point out special cases where
it was not obvious how to truncate the set of generalized rays.

In order to build up complicated depth-dependent profiles, it is com-
mon to show layered structures as here in Fig. 3a. But generalized ray
and reflectivity methods are applied typically after an Earth flattening
transformation has been applied. In the context of spherical layers, such
velocities should therefore be shown increasing in value with radius (AR,
pages 463-465). However, instead of building up a profile from tens or
hundreds of component layers (for example, in order to simulate a gradual
increase of velocity with depth), it is possible instead to work directly
with a few inhomogeneous layers, The penalty lies in not being able to
use plane wave theory for the equivalent flat Earth model. Rather, ver-
tical eigenfunctions become the subject of special methods of computa-
tion. A uniformly asymptotic method is often still accurate, and was
employed by Cormier and Choy [1981] again to study body wave inter-
actions with upper mantle structure. Called a ‘‘full wave’’ method, their

Lhe
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Fig. 3a. Upper mantle model T7. 0

200 -

Depth, km
§
T

800 A h i 1

7 8 ] 10 11
Velocily, km/sec

Generalized Ray vs. Reflectivity
Results for Modej T7

A=18° A=19°
AR=1.03 R=0.99

-
A~

A=23°
A=0.89

a=27° A=28°
R=083 | A=094

Generalized ray
h A Reflactivity

Fig. 3b. Comparison of Cagniard (generalized ray) and reflectivity synthetics
in T7. From Orcutt and Burdick [1979].
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synthetics are compared in Fig. 4 with those of Burdick and Orcutt [1979].
Again, there is good agreement. Cormier and Choy state that differences
“‘between the methods do exist but are most evident at high frequencies,
where the planar layer methods suffer from numerical limitations on layer
thickness and the number of layers needed to approximate the earth
model.”’

Such differences become more apparent for computation of core
phases. Choy ef al. [1980] synthesized diffracted SV plus SKS and SmKS
in model 1066B, using reflectivity and hundreds of layers; and also using
a full wave method and eight inhomogeneous layers. Results are shown
in Fig. 5. Comparison of the Green functions does not look promising
(Fig. 5ab). Comparison after convolution with the typical long-period
WWSSN response looks much better — although pulse shapes between
the two methods still differ (Fig. 5cd). However, after additional con-
volution to simulate a source function with a few seconds duration, there
is excellent agreement (Fig. Sef). Note that both these methods were
applied in ways that retained the infinite multiples associated with
“‘whispering galleries’’ such as SKS +SKKS +S3KS+....+SmKS+.....

An example where a finite ray series leads to inaccurate synthetics
is demonstrated by Grand and Helmberger [1983], shown here on the
right of Fig. 6. This gives SH synthetics for the upper mantle, compar-
ing a Cagniard (generalized ray) method and the WKJB method of
Chapman [1978a]. The latter has not been developed in a form that quan-
tifies tunnelling through the high velocity ‘‘lid’’ of the shield model SNA.
Note, however, that the WKBJ synthetics, which often provide the most

A = 235° 400 km A = 27.1° 670 km
Data LPZ

Source (B)

Full Wave
_ = J\ﬁf

20 sec

Fig. 4. Comparison of data and three different methods of waveform synthesis
for ibe T7 model, From Cormier and Choy {1881].
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Fig. 5. (a). Synthetic seismograms computed by the full wave theory for the
horizontal radial component of displacement for SV waves interacting with
the Earth’s outer core. The computation used model 10668 without attenua-
tion, a point double-couple source with one nodal plane eriented vertically,
and surface depth for both source and receiver. The sampling intervalis 1 s.
(b). The displacement for distances in (a) as computed by the reflectivity
method. The sampling interval is also 1 8. (c). Synthetic seismograms as in
{a), computed by the full wave theory, after introducing the effect of the in-

strument response of a 15-100 s seismograph.
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Fig. 5. (d). The reflectivity records for the same distances. This set of
Seismograms is normalized with part (c) such that at 98° the amplitudes of
SKS measured from baseline to the first peak is the same for both sets of
records. (¢). The same synthetic seismograms, computed by the full wave
theory, after convolution with a source function and the instrument response.
(0. The reflectivity records for the same distances as in part (e). Again, the
record sets are normalized to the baseline-to-peak amplitude of SKS at 98°.
From Choy et al, [1980],
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efficient way to compute a record section, give very good comparison
with the Cagniard record section on the left of Fig. 6.

The outcome of such comparisons [see also, Stephen, 1983; Apsel
and Luco, 1983; and Luco and Apsel, 1983) generates confidence that
after many years of development, computation of synthetics has for many
purposes become reliable. Given a structure in which velocities mainly
increase with depth, with perhaps a low velocity zone and/or a few discon-
tinuities, we can compute seismograms relevant to the bandwidth of our
data. Because of this development, which comes after many man-years
of effort, it would be an aid to scientific progress if the most successful
programs were documented and generally available. However, at pres-
ent it appears that access to programs is arranged only on an informal
basis. It would also be most helpful if, in publishing synthetics, enough
information were supplied to enable other seismologists to reproduce the
computation.

Earth Structure, from Analysis of
Seismic Waveforms: Selected Studies

It was pointed out above that major sub-divisions of the Earth’s
structure (crust, mantle, fluid core, solid core) were identified decades
before synthetics came into routine quantitative use. However, in a
qualitative fashion, synthetics have played an influential role since Lamb’s
[1904] classic paper showed how body wave and surface wave pulses
would appear for a point source in an elastic half-space. Lamb’s work,
~ and developments by Nakano, Pekeris and Lapwood for simple struc-
tures, led to synthetic seismograms consisting essentially of a few isolated
pulses. The puzzle facing observational seismologist was that ground mo-
tion in a seismogram is commonly oscillatory for many minutes. Jeffreys
[1931] examined and rejected many explanations, copcluding that ‘‘the
only suggestion which survives is that the oscillations are due to reflec-
tions of the original pulse within the surface layers.’’ That this is basical-
ly a satisfactory explanation is now confirmed by many numerical studies
of the past Jecade, in which the computation of all body wave multiples
and/or all surface wave modes has been undertaken in structures with
many layers. (The most notable example of surprisingly long-lasting oscilla-
tions occurs in the oceanic £, and S, phases, which can be modeled as
reverberations in a few crustal layers and the water column; see
Gettrust and Frazer [1981].)

As seismology developed in the 50's and 60’s, with better instrumen-
tation and a more complete understanding of wave propagation, the first
part of a seismogram to be thoroughly understood (apart from simple
arrival times) was the dispersion in surface waves. The wish to study
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deeper and deeper structures by this method led naturally to efforts in
instrumentation at longer periods, and led also to efforts in understand-
ing wave propagation that promoted working with discrete normal modes
of the whole Earth. It is interesting that in their paper entitled
‘‘Preliminary Reference Earth Model'’, Dziewonski and Anderson [1981]
did not work with synthetics. Rather, they used about ‘‘1000 normal mode
periods, 500 summary travel time observations, 100 normal mode @
values, mass and moment of inertia.”’ They also used a set of about 1.75
million travel times for P and S indicating significant lateral heterogene-
ity (which they sought to average). Their PREM model is shown in
Fig. 7, with upper mantle discontinuities at about 400 km and 650 km
depth.

There is now an extensive literature on these proposed discon-
tinuities. The natural questions to ask are: how thick is each of these
two regions? (A discontinuity has zero thickness.) How big is the jump
in velocity across each anomalous region? And what velocity gradients
are present just above and just below 400 and 650 km? Good answers
are available, using synthetics for depth dependent structures, only if
there is also available a good data set, for sources and receivers within
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Fig. 7. The Preliminary Reference Earth Model (PREM). Dashed lines are
for horizontal velocities in a transversely isotropic layer. From Dziewonski
and Anderson {1981].
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a region about 3000 km across, that indeed does not vary laterally. Walck
[1984] used more than 1400 short-period digital seismograms from earth-
quakes in Mexico and Central America, recorded by the Southern Califor-
nia Seismic Network. From travel-time analysis and inversion of d7/dA
observations, she obtained a starting model for the P-velocity profile that
was subjected to more than 100 trial-and-error iterations, resulting in
the final model, GCA, shown in Fig. 8. Some waveform data and syn-
thetics relevant to the three questions just asked are shown in Fig. 9.
Reflections from 390 and 660 km are wide angle, so, although this is short-
period data, she stated it was not possible to distinguish between
discontinuities (as shown in Fig. 8) and equivalent high gradients over
10-20 km. The jumps in velocity were found to be quite small (only 2.8%
at 660 km), but were associated with large gradients just above 390 and
660 km, and just below 660 km.

Upper mantle structure, from analysis of SH and SV Wave-
forms. Grand and Helmberger (1983) have studied triplications in S and
SS for SH waves in the range 10° to 60°. From waveforms recorded
in western North America for earthquakes on the East Pacific Rise they
have proposed a tectonic upper mantle model having a zone of slightly
low velocities centered on a depth of 120 km, From waveforms for events
northwest of North America they have proposed a shield model with a
more pronounced low velocity zone centered on about 200 km depth,

Fig. 8. Upper mantle P-velocity 0

model GCA. Developed for the Gulf Mode! GCA
of California spreading region, -

GCA has a 20 km crust and

velocities that in general are Jow 200

in value down to 350 km depth,
with an unusually large gradient -
from 225 to 390 km, Velocity dis-

continuities are 4,7 per cent at 390 g 400
km and 2.8 per cent at 660 km. =

From Walck [1984]. = .
g

[=) 600 -

800 -

6 8 10 12
Velocity, km/s
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above which is a thick zone (50-150 km depth) of high and almost con-
stant velocity. The models are the same below 405 km and have velocity
jumps at 450 km and 660 km. These models are shown in the ccater
of Fig. 6. Associated synthetics and waveform data, are shown in Fig. 10.

A= 228° 23.1° 25.9° 27.1°
Data Myww Al A
10 11
Synthetics
700 - e R W
10 11
600 I 'y
700
10 11
600 K’ GCA W\ W A s
700 S s
25
A Ay AAp—
vy v B Y
e e
Pttt 27 N
—— ?\J\\-MM % N
A 3
" 28 | v
e
m deg. d
- NAAASAAN - P
'—6/‘}/791 i 1 30 B GPAJ 1 1
75 85 a5 75 85 95
Time = A/12

Fig. 9. Detailed analysis of the 660 km discontinuity. (a) The synthetics are
calculated for model GCA with differing gradients above and below 660 km,
from a simple step (top row) to large gradients above and below (bottom row),
(b) Data {left panel) and synthetics for GCA (right panel) for part of the triplica-
tion due to structure at 660 km. Relative amplitudes change from a weak
first acrival near 26° to a simple puise near 28°. From Walck [1984).
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Waveform data for P-SV pertinent to this region of the Earth
appear to be intrinsically more complicated than SH, yet Priestley ef al.
[1980] had considerable success fitting synthetics to data. Lerner-Lam
and Jordan (1983) tackled P-SV data using an inversion method based
on improving the fit between higher-mode surface waves in synthetics
and observed seismograms. They derived upper mantle models of SV
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velocity for Eurasia and for the Pacific that show substantial differences
belcw 200 km. Examples of their data and synthetics, and their models,
are shown in Fig. 11. These upper mantle models do not display velocity
gradient anomalies (let alone discontinuities) near 400 and 650 km depth.
Comparison of models in 7. 6 (for SH) and Fig. 11 (for SV), for velocities
averaged over about 60C-*~J km depth, might indicate that SV is faster
than SH. The possibility of anisotropy is directly addressed by Dziewonski
and Anderson [1981] and Anderson and Regan [1983], but emphasizing
upper mantle low velocity zones. With the Graefenberg array of Wielandt
instruments in Germany, Choy [1982] identified clearly earlier arrivals
of SH as compared to SV, from a deep earthquake in the Kuriles.

Clearly, the extent of anisotropy in the upper mantle is at present
speculative. The best hope for a definitive statement will, as usual, rest
with an analysis of long period signals (e.g., the classic ‘‘discrepancy’’ in
Rayleigh and Love wave dispersion for isotropic models — see Dziewonski
and Anderson [1981]). As pointed out by Backus [1962], the explana-
tion may be horizontal isotropic layering. An analogue experiment by Melia
and Carison [1984] confirms that isotropic layers can lead to apparent
anisotropy.

Core studies. The two qualities of the data that make detailed study
of the upper mantle so difficult (lateral variability of the data, and hence
of the structure; and the difficulty in seeing reflections at near vertical
incidence), are less of a problem for the core. Narrow angle reflections
give such strong evidence for discontinuity between lower mantle and
fluid core, and between fluid and solid cores, that the range of possible
core structures can be investigated relatively simply in terms of velocity
gradients just above and below the interfaces. Thus, Choy [1977] com-
pared data and synthetics for SKS+SKKS+.... + SmKS + to conclude
that the velocity gradient in the outer fluid core was very close to that
expected for an adiabatic gradient. Choy and Cormier [1983] found pro-
perties of the BC branch of PKP near 155° to be very sensitive to velocity
gradient at the base of the fluid core (see Fig. 12). And for the DF branch
of PKP, their synthetics fit waveform observations near 130° only for
models that had strong gradients in the outer 200 km of the solid core.

Attenuation

During transmission through the Earth, a seismic wave loses
amplitude as a result of a variety of anelastic and scattering processes.
The emphasis in this section will be on body waves, and the effects of
propagation on a waveform that initially is impulsive. An excellent review
of body wave attenuation is given by Cormier [1982]. I shall focus on
a particular issue, on which seismologists appear to be divided. Namely,
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the attenuation and associated frequency-dependent phase delay (if any)
imparted by the Earth to pulse shapes observed teleseismically.

Basic definitions can first be stated for a wave propagating in a
homogeneous medium for which (at a given frequency w) stress and strain
are proportional to each other, but related by a complex modulus. Thus,
for a plane wave p (x,w) with both attenuation and phase delay increas-
ing in the x-direction, the amplitude and phase are given by

- :L@J_{) - (ﬁ _ ) = exp i (Kx—
p(x,w) = exp ( 200 exp [iw p t ] exp i (Kx—wt) .
Here ¢ = ¢(w) is the (real) phase velocity; attenuation is described by
Q-1, where Q = Q); and K = (w/c)+ia is the complex
wavenumber. It follows that the spatial attenuation rate is a =
| w]/(2¢Q), and Gutenberg [1958] found evidence from teleseismic
P-waves to suggest that « is roughly independent of frequency. Since
¢ varies only slightly with frequency, it would then follow that Q is roughly
proportional to frequency. But, in recent years, hundreds of studies have
been published that are based on the premise that @ is constant, to within
a few percent, over the frequency range 0.02-1.5 Hz. In order to con-
centrate the debate, I shall focus on analyses of ScS waves.

Continuing with the basic properties of p(x, w), we shall assume there
exists a finite value ¢, for ¢ (w) in the limit as w— o, and give a sum-
mary of results in Aki and Richards {1980, pages 167-185]. If the wave
has zero amplitude in the time domain, prior to an ‘‘arrival time’’ 2/,
we say it displays ‘‘causality’’. It is an elementary exercise then to show
that ¢ must vary with frequency (if @ ~! # 0), and that this dispersion
is completely determined if the behavior of « is known at all frequen-
cies. The rule is

w .
clw)

52 + H(a(w))

where H denctes a Hilbert transform,

The transtorm of a{w) can be explicitly or numerically derived for
a variety of cases corresponding to Q being roughly constant over the
bandwidth of seismic waves. Commonly, but not invariably, one finds
the following practical rule for assessing body wave dispersion:

Wy

cle)} = c{w,) (1 + :;16 In ‘-'9)
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in which w,, is taken as a point of reference, often 1 Hz (i.e., w, = 27).
Many authors have derived this logarithmic rule {e.g., Futterman, 1962;
Carpenter, 1967; Azimi et al., 1968}, and it was given a physical basis
by Liu ef al. [1976]. A more general analysis was carefully developed
by Minster {1978a, b). The main idea, following Anderson et al. [1977],
is to work with a seismic absorption band, regarded as a spectrum of
independent relaxation mechanisms for a standard linear solid. In Minster’s
model, an important role is played by a parameter 7 (the reciprocal of
the high frequency cut-off of the relaxation spectrum). Thus, phase veloci-
ty departs from the logarithmic rule at sufficiently high frequency, becom-
ing constant for w well above 7 —1. The Q factor is effectively constant
at lower seismic frequencies but begins to rise as w approaches 7-1.
At frequencies above 71, @ is roughly proporticnal to frequency. Thus,
in this model, a tendency for @ to show an increase with frequency is
interpreted as an effect of the sharp cut-off in the relaxation spectrum
at high frequencies.

Figure 13 shows the characteristic features of the time-domain pulse
P, t), associated with constant @ and the logarithmic rule for phase
delay. High frequencies have been selectively removed, and the pulse
shape is broadened with an asymmetric rise and fall.

Early work on ScS waves concentrated on taking spectral ratios, i.e.,
on the determination of @ from the amplitude spectrum. Anderson's
[1967b] review indicates that several studies are in fair agreement with
conclusions of the spectral ratio method used by Kovach and Anderson

t

Fig. 13. The attenuated/dispersed impulse associated with constant Q and
the logarithmic rule for phase delay,

These two examples correspond to P-arrivals from a deep event at
A = 48°, with t* = 0.21 & (upper) and i* = 0.72 (lower). Tick marks are
seconds.
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[1964] for multiple S¢S and sScS. They obtained Qg values of 600, 200
and 2200, as averages for the whole mantle, the upper 600 km, and the
lower mantle respectively. Jordan and Sipkin [1977] studied multiple ScS
phases for events in the western Pacific using HGLP data, and from spec-
tral ratios concluded that the path average for 1/Q yields Q¢ constant,
having a value 156 + 13 over the range 0.006-0.06 Hz. Sipkin and Jordan
[1979] extended this study to higher frequencies using three deep-focus
earthquakes in Tonga/Fiji, but with WWSSN long-period and short-period
instruments on Guam and Hawaii. Attenuation is sufficiently strong to
remove frequencies above about 0.1 Hz from the multiple S¢S arrivals,
so in this frequency range they worked with a model of the source spec-
trum, assuming it to fall off as w -2 at sufficiently high frequencies. They
did conclude that Qg, ¢ increases with frequency above 0.1 Hz, and ther
suggested this is associated with a value of r (in Minster's model) in the
range 0.2 = 7 = 1 s. They pointed out that Q. values below 200
would make S¢S uncbservable on short-period records. The fact that they
had good observations at short-period led them to estimate Qg g as
greater than 400, at frequencies above 1 Hz. However, it remained to
find a way to reach such a conclusion without having to make any assump-
tion about the scurce spectrum.

To this end, Burdick [1981b, 1983] worked with some excellent short-
period S¢S data, using the data for ScP as a way to avoid assumptions
about the source. Figure 14 shows results from an earlier experiment
of this type, published by Kanamori [1967]. Effectively the same pulse
shapes leave the focal sphere for both ScP and ScS. But Fig. 15 shows
a very clear example in which ScS has some high frequency loss com-
pared to ScP, and ScS is a relatively broader pulse, perhaps twice as
broad. Burdick showed that if this pulse broadening is interpreted via
Minster’s [1978a, b] extension of the usual logarithmic rule of phase
dispersion, he required a significantly lower value of the 7 parameter than
had been suggested by Sipkin and Jordan [1979]. The effect (on pulse
broadening) of varying 7 is shown in Fig. 16. For the ScP, ScS data of
Fig. 15, pulse broadening with the 7 model required a very low value
to reproduce ScS characteristics from filtering ScP. This is apparent in
Fig. 17a, where v = 0.01 s is used.

A low value of 7 in turn gives a low value of @ out at the high fre-
quencies of this ScS data. And then the term

1 w
?6‘"(5;)

in the logarithmic rule encourages pulse broadening, because different

frequency components (over the bandwidth of the data) travel at different
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ScP

Fig. 16. The effect of filtering on ScP signal is shown for various r values.

Pulse-broadening does not become significant until r<0.2 8. From Burdick
{1981b].
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of average 1/Q,. From Burdick {1983].
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speeds. (Note that some pulse broadening will occur in the presence of
attenuation, even if there is no dispersion.) Because 7 is so low, Burdick
(1983) concluded that Qg g stays down at a low value, around 250, out
to 1.5 Hz.

However, it seems that a different conclusion must be reached if
we look again at this data and emphasize properties of the amplitude spec-
tra rather than just the pulse broadening. Using now the label Q for
the @ of S-waves traveling a path such as S¢S from the core-mantle boun-
dary right up to the Earth’s surface, and @, for P-waves on a similar
path, the spectral ratio of ScS/ScP is dominated by the factor

Here, Ty and T, are the S- and P-travel times for the upward portions
of S¢S and ScP, throughout the whole mantle and crust. It is instructive
to evaluate R(w) with different @, using representative values of
Ty (say, 500 s) and T, (say, 300 s), and the usual approximation
Q = Ba?/4p° 1Qp = ZQ

IfQ = 250, thenR(w) is about 0.1, 0.01, and 0.001, at 0.5 Hz,
1 Hz, and 1.5 Hz respectively. These low values are not indicated by
a direct assessment of spectral ratios in the data. Although S¢S has lost
high frequencies compared to ScP, SeS does contain significant signal
at 1 Hz. It thus seems that @ as estimated from pulse broadening (using
the standard linear solid; a sharp cutoff in the relaxation spectrum at high
frequencies; and the logarithmic dispersion rule over the frequency range
where @ is constant) is, in this example, significantly lower than the @
inferred from spectral ratios. To make the case for this conclusion in
another way, Fig. 17b gives power spectra (albeit with different scales)
for ScP and ScS, and indicates in a general way that r around 0.2 is a
fair estimate from the spectral ratio. Figure 17¢ summarizes the work
of Burdick, Jordan, and Sipkin on @, and also displays the relation
between 7 values and the rise of @ at high frequencies.

Faced with this level of inconsistency in the attenuation model,
seismologists have made different choices. Some have zontinued to work
with low @ estimates, but some work with relatively high Q such as pro-
posed by Archambeau, Flinn and Lambert [1969]. If these two choices
are pursued to the extent of applying the logarithmic dispersion rule in
each case (i.e., Q constant in each case), they lead to pulse shapes that
are substantially different, as shown in Fig. 18. Especially, if one is
using synthetics to study details of a seismic source, this figure indicates
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Fig. 18. (a) Two models (SL8, and AFL) of & as a function of depth. (b) The
pulse broadening of P, and pP, for propagation to A = 48° from a deep event,
if Q is frequency-independent. From Choy and Boatwright [1981].

that a fundamental problem in modern seismology is as yet unresolved.
Another choice, favored by this author, is to question the practical
applicability of the Hilbert transform relation between phase delay and
attenuation spectrum. We should recognize that linear theory of wave
propagation is a fair approximation, for seismology, but is pushed to
extremes in the slowly converging Hilbert transform corresponding to
nearly constant Q. If scattering has a significant role in attenuation [e.g.,
Dainty, 1981; Aki, 1982; Richards and Menke, 1983], then one’s mind
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set can change to the view that the Earth may be far more complicated
than is generally supposed by geophysicists working with smoothly varying
structures. The question of whether scattering or anelasticity controls
attenuation is most actively under debate by exploration geophysicists
studying the upper crust (see Anstey [1984) for the basic ideas). But
petrologists are claiming great complexity of structure also in the upper
mantle. In view of such three-dimensional complexity, research on Earth
structure is now quite naturally developing along two different but
complementary lines. The first, entails a normal mode/long-period surface
wave analysis, exemplified in Fig. 1a, that accurately estimates smoothed
structure. The second, which is more in the tradition of the oil industry
in working with large amounts of short-period travel time data, or with
surface-wave phase velocities, entails tomography rather than synthetics.
Both of these approaches are yielding new results about Earth structure.
And both of them indicate there is more to be learned, if they can be
applied to much larger data sets. The chief restriction on our knowledge
of three-dimensional structure now appears to be the limitations of the
present global data base.
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Seismic Wave Propagation Effects —
Development of Theory and
Numerical Modeling

Text of Oral Presentation

Editor’s note: The following is the text of the oral presentation delivered
to the VELA 25th Anniversary Confevence in Santa Fe, New Mexico, in
May, 1984. It is intended tv convey the basic material of the preceding paper
in a different and complementary way. Figures identified by numbers vefer
to figures which appear in the preceding paper.

The central exercise in seismology is understanding seisrnograms.
What you do with the answer is sometimes politics, sometimes finding
oil, sometimes a discovery about the Earth. But, again, the central
exercise is understanding seilsmograms.

Every generation of seismologists, for the last 100 years, has pushed
for quantitative results, and in the 1980’'s this means that we try to
inferpret seismograms essentially by reproducing or modeling the
waveform data. Our mode! has to have a description of the seismic source;
an appropriate theory of wave propagation; and of course a description
of the Earth’s internal structure. One can expect that in decades to come,
all of these compenents of our modeling will continue to improve.

We heard yesterday from Bermard Minster about progress in the
study of the source, and today I am asked to review seismic wave pro-
pagation, and how we have come by our present-day understanding of
Earth structure. I suppose the subject includes the theory of wave pro-
pagation, and a description of the relevant data. It should include inverse
theory, and it would have to include a description of the answer, Earth
structure as we currently perceive it. However, an orderly presentation
of all these good things is cbviously not possible in one session. Instead,
I'll try and make, overall, perhaps three main points.

First, I think it is true to say that synthetics, as now computed, do
indeed often look very much like the data.

The second point, which is related is that if we work with Earth
modelis that are elastic, with structure that varies more or less smoothly
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with depth, perhaps with a handful of discontinuities, then we do have
a variety of trustworthy ways of computing the synthetics.

The third point I want to make takes us in another direction. We
see attenuation effects in the waveform data that require us to go well
beyond simply an elastic model of the Earth. We have w» work with an
anelastic model of the Earth, and, I do believe, with an Earith model that
scatters waves. It is my belief that we don't re:ily vet have a very good
understanding of those processes, anelasticity and scattering, simply
because in the scattering context the Earth is inhomogeneous on all spatial
scales.

The first slide (Fig. 1d, upper) is intended to make my first point.
It is from work of Langston and Blum and shows that synthetics really
do look very much like the data. In this work we are also taught something
new about the structure, The data here are WWSSN P-wave arrivals
plus surface reflections and perhaps other crustal effects. As you scan
over this (the data above and the synthetic below), I think you can see
there is a remarkable agreement in this case. The way in which this agree-
ment was obtained was essentially trial and error, fitting for the crustal
structure above an earthquake source in the Puget Sound area. And in
fact the structure that emerged, in synthetics fitting the data, had a low
velocity zone. The overall details that emerged in developing synthetics
you can look at here (Fig. 1d, lower right). One of those pairs of syn-
thetics in each case had just a single layer of crust with no low velocity
zone. The other synthetic had that low velocity zone. My goal here (and,
as | am talking, you can look at these two synthetics, one with the low
velocity zone in the crust above the earthquake, and one with just a single
layer crust) is to convey a sense of the slight differences that you see
in those two synthetics. The synthetic in each of those pairs that better
fits the waveform data between P and pP, led Langston and Blum to
say that this crustal structure had a low velocity zone. The conclusion
here is confirmed by other kinds of data, refraction data, for example,
in the area.

In this talk I'll come back several times to the point that synthetics
really do look like the data in many cases. But Ann did put the word
“‘theory’’ in the title of my talk, so I'll briefly review the theory to see
how synthetics like this are computed.

(Figure A) I haven't put in an equation yet. This is all symbolic. We
first describe the normal modes of the Earth in an orderly way. Then
one can simply add those normal modes up to synthesize the way the
ground moves — a seismogram. In a very schematic way, I want to march
on here with that basic method of solving the relevant partial differential
equations, the method of separation of variables. In this way, the sum
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If the jth normal mode of the Earth is
Iu(x) cos wt exp[nwltlel]

then a seismogram is just a sum over f with excitation coefficients given by the
moment tensor. § = (/,m,n), a triplet of integers.

Fig. A.

of normal modes breaks down into a sum over angular order number £,
a sum over radial order number z, and in seismology, fortunately, the
sum over azimuthal order number m is relatively simple (Fig. B). So one
finds from the method of separation of variables this type of factoriza-
tion. This typical presentation concentrates on SH waves. The represen-
tations that everyone uses have this kind of structure. The first factor
is effectively the details of a point source. I used here some detailed ter-
minology in notations of the seismic moment tensor. The basic synthetic
that one works with is the sum over f and over overtone number #, of
separate factors. One can work away at rearranging this, recognizing,
if one chooses to do it, that one can go to a continuum of horizontal wave
numbers and overtone numbers (Fig. C). Then » simply counts up in

u(x,f)=E E i f (source) e'm*

£ n m=-2

x ¢ (receiver depth, and Earth mode!)
x h(a)

u(x,t) for SH-wave source
= [wesin2¢M,, —M,, ) +cos2eM, ]
x ), L ttengh
¢ n
+ (cos dan ~ singM, )
¢ n

Fig. B.
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Basic synthetic, by mode summation:

g, = E E [separate factors describing source Earth model, receiver depth
¢ 'n source-receiver separation (4)

Continuum: E - /

{ + % = horizontal wavenumber = k = wp
n = gvertone number (increasing frequency at fixed #)
Basic synthetic

= / dk / dw separate factors for source, etc.

=w/dp/dw ............

frequency, but one has exactly the same structure in many cases, work-
ing with a basic synthetic that is now an integration over horizontal
wavenumber and frequency.

Becauce of various choices in the way integrands and integrations
here can be approximated, there are dozens of different ways to get the
answer. Someone in the audience may recognize this (Fig. D). It appeared
in a review of a paper I had submitted. So if you are out there I thank
you and note that I and many others in this audience have spent years
picking our way over the details of various choices here. There is the
choice about how to handle layers — should one use a few inhomogeneous
layers or should one work with hundreds of homogeneous layers? What
order should one do the integration in? Should one use a slowness method
or a spectral method, and so on.

It turns out that programs for synthesizing all body wave multiples,
and surface waves, in realistic structures, are quite cumbersome and ex-
pensive if they are to be broadband, and last many minutes. So, it has
been necessary in practice to develop special and quick methods for
isolated portions of the seismogram. This is the subject of generalized
ray theory, and Don Helmberger took a major practical step in 1968 when
he showed how to use Cagniard-de Hoop methods to get the generaliz-
ed response of a single interface within a stack of layers. Before that
time, synthetics had been used only a qualitative way. Since 1968, syn-
thetics have been used to get quite detailed information about Earth
structure.

Fig. C.
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The Basic Choices for » — k Integration
{not Inciuding Cagnlard-de Hoop)

’1. Earth flattening to cylindrical coordinates
]2. No earth flattening. Use spherical coordinates

r1. WKB.J or Langer approximation with appropriate Debye
° expansions at discontinuities
g x { 2. Layer matrices with homogeneous layers
£ 3. Layer matrices with inhomogeneous laysrs
4, Direct numerical integration of an arbitrary velocity profile
1. Spectral mathod with contour for the p integral along the
§ Re (p) axis
g x 1 2. Spectral method with part of the contour for the p-integral
g off the Re (p) axis
- 3. Slowness method. (Chapman 1978)
Fig. D.

Before turning to some of these studies of structure, let me em-
phasize that the various methods for getting synthetics all seem fairly
trustworthy. Several papers have come out in recent years making this
point, simply comparing different methods of computation in the same
Earth model. Larry Burdick and John Orcutt, working with a upper mantle
model that had this (Fig. E) travel time curve, compare a generalized
ray method with the reflectivity method (Fig. 3b). We can look at this
for a while, and basically the question is, do these two different methods
give the same results? You can form your own conclusions about that.

Fig. E. From Orcutt and 70
Burdick [1977). T7
8
]
Eidy
=]
-
L
50 i L . i
15 20 25

A, deg.
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I claim that at most of these distances they really do seem to give the
same detail, ‘‘wiggle for wiggle.”’ One can be picky and point to a few
places where they don'’t, and one can get into a morass of question about
why there are various strange features that are due to how the phase
velocity integration is cut off, of how the generalized ray sum is trun-
cated. The point is that in the hands of the expert who is developing
these synthetics, the methods are effective. If it’s a question of whether
computed synthetics are now being carried out accurately, I think the
answer now is: ‘‘usually, yes.”

Another exercise of comparing synthetics in the context of waves
that go really deep down into the Earth, brings up the problem of doing
the calculation by methods that require very many (hundreds of) layers
in the Earth model (Fig. F). In this case I'm going to show some ex-
amples of the reflectivity method, executed by Gerhard Mueller (Fig. 51);
compared with work of George Choy (Fig. 5e, overlayed on Fig. 5f),
who used an Earth model with a few inhomogeneous layers. In practice
when the Green function describing propagation (through these two dif-
ferent ways of handling the Earth’s velocity increase with depth) is

V (km/s)
4 5 6 7 8 9 10 11 12
0 Y T T T T T
1000
2000 |-
£ 3000}
N
4000 -
%z
Fig. F. Earth model 5000 I H
for reflectivity compu- i—i
tations of SV (including
SKS). From Choy et al.
(1980). 6000 L
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convolved with a typical source and instrument response, then we see
that there is basically very good agreement.

There are going to be some pitfalls still. Pitfalls, however, that are
recognized by practitioners. One of the best methods (it's the cheapest) is
called the WKB] method, pioneered and advocated by Chris Chapman,
and Grand and Helmberger recently reported an interesting comparison
of SH synthetics calculated by two different methods in a couple of
upper mantle structures — tectonic North America and shield North
America (Fig. G). To see how cheaply we can compute seismograms,
for example, in the TNA model, we can look at the right half of the panel
(Fig. H) compared with a more expensive, but more general method on
the left, and you can form again you own opinions about the agreement
of those two methods, but I think it’s pretty darn good; they basically
do very well. But yet, if one goes through the same exercise, as Grand
and Helmberger show, for the other upper mantle structure, the struc-
ture that they call shield North America, then on the right hand side of
this panel (Fig. I) is the WKBJ computation, and on the left, the generalized
ray computation. I would say, as Grand and Helmberger have pointed
out, there are clearly some significant differences in this forward com-
putation of synthetics.

Why does it work out that in TNA the computation can effectively
be done accurately by the WKB] method, but not so for the SNA struc-
ture? It has to do with what actually is the worst velocity gradient in

Fig. G. Mantle models for
tectonic North America
(TNA) and shield North
America (SNA). From Grand
and Helmberger [1984].
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Fig. H. From Grand and Comparison of Generalized Ray and
Helmberger [1984]. WKBJ Synthetics for TNA
(3eneralized Ray wKaJ

sol;'v-w\/\n.-

42

Distance (degrees)

[TTTIT
[T

48
48
50
54

|
|

0 120 240300 O 120 240 300
Time (sec)

those two upper mantle models. What is shown here (Fig. J) superim-
posed on the TNA is a series of steps (layers) having the critical velocity
gradient required in a typical layer approximation to the model. That is,
in these layers the velocity gradient, dv/dr, equals v/r. As it happens,
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Fig. 1. From Grand and Comparison of Generalized Ray
Helmberger [1984]. and WKBJ Synthetics for SNA
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TNA although it has a low velocity zone and a region with dv/dr > 0,
never attains values of dv/dr as great as v/r. But SNA does. In technical
terms, this means that TNA has a turning point radius that is single valued
and varies continuously with ray parameter, but SNA does not. In this
case, an important feature of the wave propagation in SNA is the tunnel-
ing of energy through the high velocity region about the low velocity zone.
And this can be handled by generalized ray methods, but not with relatively
simple WKBJ procedures.

It s pitfalls such as this that make it difficult to develop computa-
tional synthetics packages that are both foolproof and efficient. But the
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Fig. J.
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main point is that successful methods at last do exist for accurate
seismogram modeling.

Now let’s look again at what has been learned about structure. The
next slide (Fig. 7) is the Preliminary Reference Earth Model published
by Dziewonski and Anderson in 1981. I remind you — I'm supposed to
be making the case for using synthetics to learn about Earth structure.
But I don’t want to do violence to history here, because remember
Mohorovicic in 1909 began to develop ideas about a crust of the Earth,
and began to investigate the thickness of that crust. He did it without
using synthetics. In 1913, Beno Gutenberg, standing on the shoulders
of Cldham and Wiechert, gave a very accurate estimate of the depth to
the Earth's core. In 1936, Lehmann recognized the existence of an inner
core. In the 1940’s, Maurice Ewing began to study the oceanic crust
and found out how thin it was. These early studies go beyond just the
major discontinuities, because in 1967 Lane Johnso. published convinc-
ing evidence for two regions of very high velocity gradients in the Earth’s
upper mantle.

So all of this good work was done without using synthetics, In fact
this model itself (PREM) was published without using synthetics. So,
here I am, I'm supposed to make a case for synthetics, but I simply want
te try and be fair, not just to say “‘everything depends on synthetics these
days.”’ Because that’s not the case, What in fact does one learn with
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synthetics, then? I would have to say they can be exceedingly useful.
They can be used to sharpen details of our knowledge of structures. In
this context, I think it's very interesting to see what the oil industry does.
The oil industry has been spending about four billion dollars a year to
acquire and process geophysical data. Almost all of that is seismic data.
But they don’t spend much on synthetics! The oil industry typically works
with massive travel time sets, and that might be a crude way to sum-
marize reflection data, but that’s all it is. It’s largely kinematic data. Of
course there are appeals to amplitudes in that data, and I know about
studies with bright spot analysis and so on, but largely, I think it’s still
true to say that synthetics are not very much used in that industry. So
what are we doing using synthetics in our kind of seismology? It’s mainly
an exercise to try and get the maximum information out of the data that
we do have available, because we don’t have four billion dollars a year,
and even if we did, it would be hard to go . . . well, we could do a better
job, of course! But I'm simply asking that you think what would one really
do if one really had to get the answer as, in practical terms, the people
working in the oil industry have to. That is an industry dedicated to get-
ting results. They just haven’t gone this route of working with synthetics,
because of two reasons, I suppose: the kinds of depth-dependent struc-
tures, with the kinds of wavelengths they are using, are indeed very com-
plicated; and they have to work with three dimensional structures. As
I'm sure Don Anderson and Adam Dziewonski will show us, the direc-
tion to go for us too is indeed going to lead us into complicated struc-
tures of a three dimensional Earth. However, having made this digres-
sion, I'm going to accept a restriction. I’m supposed to talk about one
dimensional structures of the Earth, and using waveform data. Don and
Adam will take off from there.

So, synthetics, how are they used? The principal use is still trial and
error fits to data in an effort to maximize the extraction of information.
In fact, most of the practitioners don’t use formal inverse theory. Most
of the practitioners don’t even have the opportunity to work with reversed
record sections. But still, let’s not deny that a great deal is still to be
learned. Let's look again at this PREM model, noting in particular that
the upper mantle discontinuities are present at around 400 and 650 km
depth. It’s natural to go in this direction of synthetics, trying to check
out detailed structures around those two discontinuities, or regions of
high velocity gradients in the upper mantle.

A recent major attempt has been published by Walck who worked
with digital data, short period data largely, from the Southern California
Network. 1400 short-period digital records, I understand, went intc this
work. She developed this detailed conclusion (Fig. 8). about upper mantle

S
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structure, south and east of the array. When it comes down to details,
and use of synthetics, the main interest is to look here and see how big
is the velocity jump of these transitions. In this case it’s a iittle less than
3% at the deeper discontinuity and about 4% at the upper one. The details
are not jusi the magnitude of that discontinuity, but what kinds of gra-
dients are found just above and below the discontinuities. I can’t do justice
to this extensive study, but simply to give a flavor of it I'll show some
figures fro n a recent paper of hers in the Gesphysical Journal to study
the effect of structure around whatever is going on, 2 discontinuity
perhaps, at 660 km depth (Fig. 9, top). The top row is some short pcriod
data, and the next row is synthetics for a relatively large jump in velocities.
In the subsequent two rows she reduced that discontinuity, but added
regions of anomalously high gradients, in one case just above, in the other
case above and belcw, It is by hundreds of attempts of trial and error
fitting in this way that one finds what is the power of data actually to
resolve details.

On the lower left is her final choice for the structure around 660 km
depth. On the next slide (Fig. 9, bottom), on the left is shown a small
amount of the data intended to bring out the clear first arrival. Following
that first arrival, is a second branch, which begins to fade out around
28 or 29 degrees. This is present in the data on the left and in the syn-
thetic on the right. It is interesting that in her paper, the author still says
the question about thickness of transition zones is unresolved. She could
not tell whether, indeed, there was a discontinuity at that depth, or
whether the velocities might have increased over a zone perhaps as thick
as 20 km, The data and the synthetics would look about the same in this
case.

Although this is relatively short period data, this is still fairly wide
angle incidence at that interface. It turn= out that the key data on the
question of transition zone thickness, 1 hich is of great importance
petrologically in our understanding and appreciation of Earth history and
so on, is the data from nearlv vertical incidence. An important considera-
tion here has to do with what kind of reflection coefficient results from
transition zones of various thickness. If you'll accept the idea here (Fig. K)
of having some kind of hyperbolic tangent, s« me V- * of continuous
increase of velocity with depth, where most 0. -~ ctn takes place
over a transition thickness marked as lowercase .  'd if one asks the
question for near vertical incidence, “How does the . .icction coefficient
behave ™"’ what is shown here is that the reflection coefficient is strongly
dependent on frequency. This example has a total 10% change in
impadance, so the bigges* coefficient possible is 5%, at long period. (The
wavelength is lambda, incident from below. Transition thickness 1
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Fig. K. Reflection coefficient (R ), tabulated for different ratios of transition
thickness to wavelength.

encompasses 75% of the total impedance change.) The best way to sum-
marize is to say that if the transition gets spread out over more than
about a quarter of a wavelength, then the reflection coefficient very rapidly
falls to zero. So, the exercise of trying to get detailed information about
transition zones in the upper mantle is still a very active research field.
The pertinent data has to be short period data as near to vertical incidence
as one can get. I was delighted to see a contribution on this subject in
the current issue of, again, the Geophystcal Journal that reached me just
two days before I flew out here. This is from the work of Bock and Ha,
and maybe Anton Hales can comment on it.

What we're looking at here (Fig. L) are some short period arrivals
at the Warrumunga array, in Australia, from deep earthquakes in Tonga.
Shown here is the P-wave, and there’s a phase marked X. Each trace
here is for a different deep earthquake and the X phase is by these authors
given the interpretation of an S-wave which goes down from the source,
is reflected/converted from an upper mantle discontinuity around 650 km,
and propagates up as P. These are vertical components, and again there
are more observations of that X phase here on the right hand panel. This
is a talk about synthetics, and the authors showed the results of a for-
ward computation (Fig. M). On the upper panel, again here is the first
arriving P-wave, and their X phase is shown as having a noticeable
magnitude if they do the calculation with a very sharp transition zone.
However, if the same computation is done as on the lower panel, with
a different {ocal mechanism, it turns out that the X phase is hardly
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Fig. L. From Bock and Ha [Geophysical Journal R.A.S., May 1984},

present =t all in the waveforms. These authors were able to explain their
observations in terms of the focal mechanism for departing S-waves.

Moving down lower in the Earth, I’d like to describe an example
of synthetics used to study the core of the Earth. Let me remind you
(Fig. N) of what the travel time curve for PKP looks like. This slide
includes the reflection from the inner core (branch CD ), and the transmis-
sion through the inner core (branch DF'). Again, the framework of analysis
in which synthetics have been used is to study the effect of velocity
gradients just above and just below the major interfaces. One searches
in the data to find phases that are known, because of experience with
synthetics, to be sensitive to details of structure. It turns out that the
BC branch, just near the point C, is a place where amplitudes are
exceedingly sensitive to structure at the base of the fluid core (.e., just
above the inner core/outer core boundary). Near the point I, where there
is a mixture of PKiKP and PKIKP, there is sensitivity to velocity
gradient in the outer part of the solid inner core. Going back to the BC
branch again (Fig. 12b), near 156°, this is a study by Choy and Cormier
intended to show synthetics resulting from three slightly different models
near the inner core/outer core boundary. In each case the synthetic is
superimposed on the same observed seismic waveform. At this distance.
there is kitle sensitivity in the DF and AB arrivals. But BC is quite
variable. (This is broad band data reconstructed from short and long period
SRO data.) The indication from this comparison of BC synthetics is that
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a velocity gradient between that of models PEM and PREM is appropriate,
for the lowest part of the fluid outer core.

Well: so far, so good. Treating the Earth as a medium that varies
smoothly with depth alone, and having just a fow discontinuities, we seem
to be doing a good job now of generating synthetics and fitting data,
especially long period body wave data.

But now we come to another property of the Earth, namely attenua-
tion, which I don’t believe is so well understood. We have to say a little
here (Fig. O) about the theory. First, for a plane wave in a homogeneous
elastic medium, we work with real wavenumber & and real frequency
omega. If the wave attenuates as it travels I will take the route of
wavenumber being complex, frequency still real. Breaking the
wavenumber into real and imaginary parts, alpha is the spatial amplitude
decay rate, and is often characterized equivalently in terms of Q; ¢ is
the phase velocity. Thus @ describes the effect on the amplitudes spec-
trum, as the wave propagates. If we want the effect of all this in the
time domain (Fig. P), we just integrate over all frequencies. I remind
you that if one works with constant Q and constant ¢ then if we start
out with an impulse propagated through a homogeneous anelastic medium,
the pulse subsequently loses its high frequencies and broadens sym-
metrically. But a detailed examination of such a pulse shape shows it to
have completely unphysical characteristics. It begins to grow far too early
in time, and is said to be non-causal. So it turns out we have to do more
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internal friction
Brief review of attenuation by anelasticity
true dissipation

Consider a very simple wave in an elastic medium:
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Generalize for anelasticity to:
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! than this. And for about 20 years this has been recognized in seismology.
The fix is to ‘‘impose causality,”’ which effectively requires slight
frequency dependence in the phase velocity. The most commonly used
description that emerges is one in which there is a small logarithmic
dependence. After integrating over all frequencies, the resulting pulse
has physically plausible features, such as a clear onset, and this asym-

metrical shape (see last part of Fig. P).

Now, I’m sure you won't expect me to review all the main studies
of Q in the Earth. Instead I want to focus on one issue, which is why
quite high values of t* are sometimes promoted, and why there is argu-
ment about this. It seems to me that until this issue is resolved, the use
of body wave synthetics is under a cloud.

To make my point I want to fucus on one particular experiment,
involving S¢S waves, for which the data is relatively good. ScS attenua-
tion was first studied by Frank Press and subsequently many others in
the 1960’s. But in 1967 Kanamori published an interesting comparison
of ScS and ScP waves (Fig. 14a), in which he was able to ratio out our
ignorance of the source spectrum. And here (Fig. 14b) is an example
of his data, showing the vertical component for ScP on top, and horizon-
tal components for Sc¢S below. These are from Johnson-Matheson
instruments peaked at around 3 Hz, and you can see ihere is no signal
in these seismograms at 3 Hz. He took amplitude spectra (Fig. 14c),
and a spectral ratio is shown by the dots fit with a line in the lower part
of the slide, and he summarized his experiment as indicating a @ of around




244  Text of Talk Presenied o the VELA 25th Anniversary . . .

(- -]
Integrate over all frequencies / [ }%:', .
-0

to get rasult in the time domain:

—————tm—in
Initiai impuise Broad, symmetric,
non-causal pulse (if Q@
is constant, and ¢ is
constant)
Impose causality:
clw,) 1 1 | Wy
clwy) + Q %6 1o
—————-
Initial impuise (Q constant,
¢ dispersive)

Fig. P.

230, over the frequency range 0.2-0.6 Hz, for S waves making a single
passage from core-mantle boundary to the Earth’s surface. His data also
indicated pulse broadening of ScS relative to ScP, but his analysis
concentrated on spectral ratios.

The next slide (Fig. 15) is again a comparison of S¢S and ScP, from
the WWSSN short-period station at Junction, Texas. This is excellent
data, and has been discussed by Larry Burdick. Relative to the Kanamori
study, it is high-frequency data, and Burdick concluded this data required
the S-wave © to stay low (around 250} out to frequencies as high as
1.5 Hz. He reached that conclusion by studying not the spectral ratio
but by discussing another property of the data, a very important property,
which ig the pulse broadening. We can see that the S¢S pulse lasts longer
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than ScP. The next slide (Fig. 17a) shows at the top ScP and in the mid-
dle ScS data. The lowest trace shows the effect on ScP, of filtering it
as appropriate for passage up through the mantle again as S (rather than
P). So, this lowest trace is an S¢S synthetic, and Burdick showed that
with constant @ and an absorption band model, it was necessary to keep
@ low right out to high frequency (1.5 Hz) in order to achieve the observed
! _ pulse broadening of ScS.

I am focussing on this data, because it may illustrate a problem with
the absorption band model in which @ is constant out to a cut-off in the
spectrum of relaxation times, and then @ rises (proportional to-frequency)
at higher frequencies. For, in this case, the low value of Q at 1.5 Hz
that results from a pulse-broadening analysis does not seem to fit with
the basic observation that high-frequency components are present in the
ScS waveform, One notes that it takes about 500 seconds for an S wave
to travel from the core-mantle boundary up to Texas. At 1.5 Hz this is
750 wavelengths, and so the power spectral ratio between ScP and ScS
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would be about 105 or 106. Yet looking directly at the power spectrum
for these pulses (Fig. 17b), the power spectral ratio might be more like
102 at 1.5 Hz.

It therefore seems that we should consider possibilities other than
anelasticity, when we try to interpret observed loss of high frequencies,
plus observed pulse broadening, of body wave pulse shapes in the Earth.
In this connection it is perhaps interesting to be reminded of what Earth
scientists who are not seismologists now consider as candidate struc-
tures. Here are three, that extend into the upper mantle (Figs. Q, R,
and S). I therefore suggest that we turn our attention to the effects of
highly heterogeneous structures, to see what scattering can do. The sub-
ject is most highly developed in the context of crustal layering, and here
(Fig. T) on the left hand side is shown a well log measured in a drill hole.
This is not the Earth model, smoothy varying with depth, that has been
associated with synthetics described so far in this talk. On the right, is
shown an idealization of the well log, using 40 crustal layers. Bill Menke
and I went through an exercise of propagating a plane wave impulse
through complicated structures such as these (albeit still not as complicated
as the Earth itself). We found (Fig. U) that various features reminiscent
of attentuation arise; the loss of high frequencies in the most prominent
part of the transmitted pulse; the pulse broadening; and, of course, coda
is present too.

Fig. R. From Basaltic-
Volcanism Study Project,
[Basaltic-Volcanism of the
Terrestrial Planets, Perga-

mom, New York 1981]. s
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The exercise of computing synthetics such as these, can lead to a
change in one’s whole mindset about the Earth’s internal structure. The
relatively simple first arriving pulses here (Fig. U) are in fact composed
of forward-scattered multiples. I find it disconcerting, to have spent half
of my professional life studying the Earth on the basis of generalized ray
theory, which is supposed to get simpler at high frequency, and now to
find it isn’t much use in assessing scattering and coda, which are such
prorinent features of short period seismograms. It's important then to
look again, carefully, and see what might help in a diagnostic way to decide
on whether scattering is important in removing high frequencies. I will
simply say that high frequencies do show up in this signal, because this
is an elastic calculation and if one looks (Fig. V) at the power spectrum
in an early window one finds as shown on the left that the signal is losing
power at high frequencies. But on the right is shown the power spec-
trum for part of the coda, and this rises with frequency. So at least in
an elastic calculation the high frequency is pushed later into the coda.

I began this talk by saying that our main job as seismologists is in-
terpreting seismograms. So 1'd like to show you an example that has
high frequencies in the coda. I asked the people here from Teledyne
Geotech if I might show a couple of transparencies made from a short
paper they submitted for this meeting, and here (Fig. W) is some indica-
tion of high frequencies arriving after the first few seconds. This can be
shown (Fig. X) with the data run through various narrow bandpass filters,
and systematically it is evident that higher frequencies are coming in later.

What then are we going to do about this?
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Certainly, one way to go is to work with longer periods that average
out such fine scale scattering structures. As I hope lindicated in the earlier
part of my talk, I think such uses of data, and associated synthetics, are
in relatively good shape. However, when it comes to detailed studies
of pulse shape, where attenuation and dispersion are noticeable, I am
reluctant to see casuality relations (such as Kramers-Kronig) applied
unthinkingly. Seismology is a branch of material science, and our wave
equation is not a fundamental equation of physics, like, say the Maxwell
equations. We observe, teleseismically, waves over a frequency range
of about 104 (from roughly 0.001 Hz to 10 Hz), and at different
wavelengths we must presume that seismic waves average Earth struc-
ture in slightly different ways. We thus need to search more directly for
evidence of body wave dispersion, rather than assuming we know what
dispersion is because of inferences from observed attenuation. When it
comes to analysis of short period signals, and the statistics of coda, we
must attempt the difficult transition from Earth models described deter-
ministically (i.e., velocities that smoothly vary with depth), to Earth models
that have fine-scale inhomogeneities described statistically.

Although I began this talk claiming that synthetics do look like the
data, and that we do know at last how to compute synthetics appropriately
for smoothly varying Earth models that may also have a few discon-
tinuities, I am concluding that for short-period data there are still some
important unsolved problems.
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The Effect of Q on Teleseismic P Waves
Thomas C. Bache

Background and Objective

Understanding ihe effect of regional attenuation variations on P wave
signals in the 0.5 to 3,0 Hz band is important for accurate yield estimates
and for event identification methods that rely on earthquake/explosion
spectral differences. Key issues remain unresolved because (1) there
are strong tradeoffs between source and attenuation variations in this
band; (2) there are large variations in published £* estimates for key
regions; (3) the (necessarily indirect) inference of amplitude variations
from inferred attenuation differences is not well supported by empirical
observation; and (4) synthetic seismograms incorporating proposed
regional differences fail to match important characteristics of observed
data.

The objective of this study is to determine a & model consistent with
time and frequency domain obser-ations of P waves from nuclear explo-
sions at the major test sites. The @ effect can then be accounted for
and source differences determined. The technique is to analyse the spectra
of very short time windows chosen to isolate the initial P wave pulse.
Thus, we are estimating the attenuation that controls amplitudes used
to measure quantities like m;.

Data

The four 20-element UK arrays (Table 1) provide a unifcrm data
base spanning almost the entire history of underground testing. Because
of the array’s small size and the instrument response (Fig. 1), the data
are uniquely suited to high frequency spectral analysis. A large data base
including recordings of Soviet, French (Sahara and Pacific) and US (in-
cluding Amchitks) explosions has been collected and carefully vetted to
delete channels that are clippud or otherwise faulty.

To estimate the P wave spectrum, each element of the array is pro-
cessed separately. Wnergy density spectra are computed for very short
(typically 2.2 to 2.7 seconds) time windows, and the power spectrun
of 2 noise window just before the signal is subtracted. The final event
spectrum is then computed by averaging these (corrected) energy den-
sity spectra cver the array. As ceen in the example in Fig, 2, these ar-
ray spectra are much simpler than single sensor spectra, suggesting that
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TABLE §
United Kingdom Arraya
Haximum Date or
Elesent Elament Date Digital
Station Code La¢ation Spacing (km) Spacing (ke) Operational Recording
Eskdulemir i 55019' 59N 0.9 9.8 17 Hay 1962 14 Fov 1983
Scotiand 3091 33w
Yellowknife 1 62529* shmn 2,5 22,8 26 Nov 1962 -
Canada 14036017
Gauribidsper  OBA 15237150 2.5 32,0 1 Peb 1966° & Mar 2979
Indis 77°26' 10"
Warrasungs WRA 19z56'39"3 2.5 26.3 1 Mar 1965* 7 dun 1977
Australia 1307201 29V

much of the complexity of the latter is associated with near receiver ef-
fects. In Fig. 3 the spectra are plotted for GBA recordings of thirteen
explosions in the southwest portion of the Shagan River test site. The
variations are of the kind expected from differing depths of burial, source
geology and prompt secondary source radiation due to tectonic release.
Since these seem to be largely uncorrelated, the spectra from events
in the same area are stacked to obtain for each station a smooth teleseismic
P wave spectrum |F(w)| for events in that area. At any frequency f
the source spectrum is proportional to /=~ and log |F(w)| = —nlogf
- 1.36 t* f. The objective is then to simultanecusly estimate » and *,
recognizing that both may depend on frequency.

Fig. 1. The instrument
amplitude response for the
UK arrays is compared to the UK
response for several other © I
short period systems, - _SRO
:‘a LASM
§ ~ WWSSN
SRO
w/Anti-Alias
Filter
~25% %0 4.00 8.00

Frequency {Hz)
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Fig. 2. The computed spectrum is plotied for the GBA recordings of the 27
December 1981 Shagan River explosion (ISC m, = 6.2), Also shown is the
apectrum computed from the average noise power for the twelve channels
processed. Both have been multiplied by /2 for frequencies (f) greater than
1 Hz, which approximately corrects the signal spectrum for the source. At
the top is shown a typical channel and the signal and noise windows used
for the calculation.

Attenuation from East Kazakh to

UK Array Stations

The “‘stacked’’ spectrum for GBA recordings of southwest Shagan River
events is plotted in Fig. 4. Above 2.5 Hz the spectrum is remarkably
close to the straight line fit and the simplest interpretation is that the
average source is indeed proportional to f~2 and #* is independent of
frequency. If there is frequency dependence, it is neatly cancelled by
source spectrum effects averaged over many events. Below 2.5 Hz there
is a distinct change of slope which must be due to frequency-dependence
of Q.
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Fig. 4. The stacked spec-
trum derived from the event 2.50
spectra in Fig. 3 is plotted
over the 1.0-8.0and 2.5 -
8.0 Hz bandas. A least

squares linear fit and the {* -§
derived from the slope of that &
line are shown. a
E 050
~1.50 ‘ ‘
0.00 4.00 8.00

Frequency (Hz)

Details of the source spectrum have a strong influence on the spec-
trum below 2.5 Hz. This is seen in Fig. 5 where composite spectra are
plotted for all four UK arrays. Except for YKA where the data are sparse
because the clipping threshold is about m,, 5.5, the East Kazakh events
are divided into three populations. The bisection of the Shagan River site
is along a line trending 45° west of north and is based on consistent
waveform differences that distinguish events on either side of the line.

The three populations of events are characterised by differences that
are consistent from station-to-station, and are best explained by attributing
them to systematic differences in the source corner frequency. That is,
it appears that the assumption of an f -2 source is reasonable above
1 Hz for the SW Shagan events, but that the corner frequency is almost
certainly greater than 1 Hz for the Degelen events, with the NE Shagan
events intermediate between the two. The SALMON spectrum is in-
cluded as an extreme example of a high corner frequency event (the yield
is about 5 kt). Certainly we expect the Degelen events to have higher
corner frequencies due to differences in yield. The differences between
the mean m, for the SW Shagan and Degelen populations is 0.64 at GBA,
0.54 at WRA, and 0.43 at EKA. In the simplest interpretation, assum-
ing yield proportional to m, and corner frequency to cube-root of yield,
this translates to a corner frequency shift of 40-60% (evidence of a yield
related corner frequency shift is also seen in the event spectra in Fig. 3).
But there must also be some source material property contribution to
the corner frequency shift. This is seen in several ways. First, for YKA
the Degelen population actually has a larger average m,, than the Shagan
population, yet a perceptible difference still remains. More interesting,
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Fig. 5. The stacked spectra are shown for E Kazakh explosions recorded at
the UK arrays. The total number of events spectra included are 36 at GBA,
38 at EKA, 16 at YKA and 28 at WRA. The events are divided into three
populations, except at YKA where unclipped data were available for only five
Shagan River events. At each station the stacked spectra were superimpos-
ed so that the least squares linear fit in the 2.5 — 8,0 Hz band passes through
the same value at 5 Hz, Also shown is the spectrum for SALMON at YKA ang
a iine with slope corresponding to t* = 0.14.
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the difference between NE and SW Shagan River events is best explain-
ed by the latter having a lower corner frequency since the difference per-
sists even when the event populations have the same mean m,,.

Above 2.5 Hz all the spectra for East Kazakh events are fit very
well by a frequency-independent ¢* of 0.14 seconds. This is seen in Fig. 5
and is confirmed by computing the best (least squares) fitting lines to
these spectra. The small differences that do occur are well within the
range expected for minor deviations of the average source from the assumn-
ed f~2 behaviour. Of course, the average source could have a steeper
falloff, and this would lead to a lower ¢* estimate. It is also interesting
to note that there appear to be no significant differences in the attenua-
tion (for f > 2.5 Hz) for these four travel paths.

Over the whole band the spectra are best modelled with an absorp-
tion band @ (Liu ef al., 1976; Minster, 1978) that includes two bands,
one to fit the decreasing ¢* between 1 and 2.5 hz, and a second that
keeps the apparent ¢* nearly constant from 2.5 to 8.0 Hz. Tc minimize
contamination by source effects at the low frequency end, we fit only
the lowest corner frequency events, which are large m, explosions at
SW Shagan River. We also need some constraint at long periods. Most
long period ¢* estimates are near 1 second (e.g., Anderson and Given,
1982), but are based on global or broad regional averages, so smaller
values are likely for paths like these. Values like 0.5 or 0.6 seconds seem
reasonable, but this remains a subject for investigation.

In Fig. 6 a double absorption band model is fit to the best estimate
for the GBA spectrum. Three models are shown to illustrate the tradeoffs
among the controlling parameters. The best is Model 2, which has a long
period ¢* of 0.6 seconds and a 7,, of 0.05 seconds. Models 1 and 3 in-
dicate the sensitivity to ¢} and 7y Other models fitting as well as model
2 must have ¢} < 0.6 and 7y < 0.05 or 4" > 0.6 and 7, > 0.05. If
we impose the reasonable constraint that 0.5 < ¢* < 1.0, then an
estimate for the bounds is 0.04 < 75, < 0.08. The second (lower £*)
absorption band is relatively well constrained to have an almost frequency-
independent @ that gives a ¢* of about 0.1 seconds, so the spectrum
has a nearly constant slope over the 2.5 to 8.0 Hz band.

Similar double absorption band models can be fit to WRA and EKA
spectra for large m, events in the SW Shagan River Area, and several
examples are shown in Fig. 7. The WRA spectrum is unusual in the way
it decreases below 2 Hz. This may be a pP effect that is especially strong
for this particular set of events (the three 5-event populations differ; there
are no events in common between GBA and EKA and only two in com-
mon for GBA-WRA and EKA-WRA). Assuming this to be the case, there
appears to be no significant difference in the attenuation along the paths
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to GBA and WRA. Comparison of stacked spectra for sets of common
events also indicates no difference. On the other hand, for EKA the ef-
fects of frequency-dependent @ appear to be less than for GBA and WRA
over the frequency band plotted, suggesting a larger 7. If £} is fixed

. GBA
100} ™, & SW Shagan explosions
i {m, = 6.1)

Amplitude

0.8

2.0 4.0 6.0
Frequency (Hz)

Fig. 6. () The GBA stacked spectrum for large SW Shagan explosions is fit
with several double absorption band Q models. (b) The models are shown with
the key parameters listed. The ¢ 2 is the {* in the flat part of the upper band
and ry in the short period half amplitude point. Ail three models have a se-
cond absorption band with ¢* essentially constant at 0.11 seconds over the

range plotted,
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Fig. 7. WRA and EKA stacked spectra for five large (m, > 6.0) SW Shagan
explosions are fit with double absorption band @ models. The models are
similar to those in Fig. 6 and the key parameters are listed. The second (lower
{*) absorption band is the same as in Fig. 6 except Model 5 for which this
band has a somewhat larger (0.14 sec) constant {* level,

at 0.6 sec, the best 7\, is about 0.1 sec. The large event data are not
available for a similar analysis of the path to YKA, but comparing spectra
for Degelen events (Fig. 5), it can be seen that the attenuation on the
YKA path is at least as strong as on the GBA and WRA paths, and there
is some indication that the frequency dependence is greater at low fre-
quencies. This suggests 7, slightly less or ¢ slightly more than for the
GBA and WRA paths, but the differences are small.

The interpretation of the two absorption bands is that one represents
mainly intrinsic attenuation, and the other is mainly due to scattering (thus
it is not really an ‘‘absorption band’’). Richards and Menke (1983) point
out that scattering due to many weak inhomogeneities has the effect of
a frequency-independent @), just like the lower ¢* part of the model. Since
some scattering will always occur, there must be a minimum level for
the total ¢*, and perhaps the t* of 0.1 seconds for the lower band is near
that minimum. Where scattering is the predominant mechanism, we ex-
pect the coda to contain relatively more high frequency energy than the
initial pulse. Comparison of our short time window spectra with spectra
computed for windows including some of the P coda (Fig. 8) shows that
this is indeed the case. Thus, the lower * must be due almost entirely
to scattering. The mechanism for the attenuation represented by the larger
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Fig. 8. Several comparisons are made between event spectra computed for
different time windows. In each case the window length is 5 seconds for the
less-smooth of the two. The short window length is 2.4 seconds for the mid-
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dle comparison and 2.2 seconds for the others.
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t* absorption band remains a subject for speculation, but the effect seems
to be intrinsic absorption. Our conclusion that 7, is 0.05 to 0.1 seconds
for this band is consistent with earlier work to define the frequency
dependence of ¢{* near 1 Hz, For example, Der ef al., (1982) suggest
7y = 0.08 sec for shield-to-shield paths.

Excellent recordings of PcP are obtained at GBA for large East
Kazakh explosions, and these can be used to further define the @ model.
The results are shown in Fig. 9. Differences in the attenuation for P and
PcP are difficult to resolve, but if there is a difference, it is toward some-
what greater attenuation of PcP. This means slightly lower 7, or greater
ty. A model between those in the figure (e.g., £} = 0.7, ryy = .05) pro-
vides a good fit.

In summary, our preferred ¢* is given by Model 2 (Fig. 6) for GBA
and WRA, slightly lower ¢* for EKA and slightly higher ¢* for YKA, while
the GBA PcP seems to be somewhat more attenuated than any of the
P waves. These five ray paths are spaced to sample the mantle quite
evenly, as seen in Fig. 10. Thus, the #* can be inverted for a Q model.
However, the preferred values cannot be fit by a smooth azimuthally sym-
metric model; differences between stations must be due to azimuthal
effects. But to see the kind of @ model implied by these ¢*, we can assume

10.0

1.0

Amplitude

0.1

2.0 4.0 6.0 8.0
Frequency (Hz)

ig. 8. The stacked spectra for GBA recordings of £ for 5 large SW Shagan
River events is compared to the P spectrum (Fig. 6) for the same events and
is fit with two double absorption band Q models. At the right is shown a typical
single channel and beam sum P, P recording.
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\aa

Fig. 10. Tke ray paths for the UK array stations are plotted for a Jeffreys-
Bullen earth model. The plot is drawn to scale and the depth to the outer
core is 2890 km. The source-station azimuths (measured clockwise) are 6°
for YKA, 129° for WRA, 182° for GBA and 309° for EKA.

the Model 2 also represents the EKA and YKA paths. This would be
entirely appropriate if the differences are caused by the receiver half of
the patch, and the @ model would then represent Central Asia.

The @ model from the inversion is plotted in Fig. 11 for 1 and 5 Hz
and is compared to the @ at 1 Hz from the Anderson and Given (1982)
model which is based on worldwide average data over the entire band
from normal mode periods to 1 Hz. Our @ medel at 1 Hz is essentially
the same as this model. The only significant difference is near the core-
mantle boundary, but this depends entirely on our PcP t* which is not
very well constrained. Also shown in the figure is the model resulting
from assuming ¢* = 0.14 sec for the four P waves and 0.19 sec for GBA
PcP. This ¢* is a good fit to the data above 2.5 Hz (Figs 5and 9) if a
frequency-independent Q is assumed. This shows that large errors in
Q result if frequency dependence is present, but not included in the model.

Synthetic Seismograms

It is one thing to show that the spectra of East Kazakh explosions
are consistent with a @ model like that in Fig, 11. It is quite another
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Fig. 11. A Q model for central Asia derived from UK array observations of
E Kazakh explosions is plotted for 1 and 5 Hz. Also shown is a @ mode! deriv-
ed by assuming a frequency-independent {* and using the value that best fits
the spectral falloff for f > 2.5 Hz.

to fit this into a complete model for P-wave signals from explosions, for
this requires consideration of the phase spectrum of the @ and source,
as well as proper representation of the pP phase. Comprniting synthetic
seismograms with currently available models, we can see that some im-
portant issues remain unsolved.

In Fig. 12 typical single sensor GBA recordings of two iarge SW
Shagan River explosions are compared to several synthetic seismograms.
The synthetic seismograms were computed with a program based on
Douglas ef al., (1972) and include reasonable models for the crystal struc-
ture at the source and receiver and the Carpenter (1966) geometric
spreading factor. The Mueller and Murphy (1971) source model was us-
ed and the vield was fixed at 150 kt. The first synthetic seismogram is
for a frequency independent ¢* of 0.2 seconds and the source depth (cor-
responding to a P~ pP lag time of 0.44 sec) was chosen so the period
T, (twice the first trough to second peak time) would be about the same
as observed. At first glance, the waveform comparison may not seem
too bad, but there are some important discrepancies. In particular, the
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Attenuation P-pP Delay
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Synthetic 6.43 0.89 s /\,Wm
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Fig. 12. Single sensor recordings of two typical SW Shagan River explosions
are compared to several synthetic seismograms. For the observations the m,
is for this element; the PDE m, are 6.1 (04-07-82) and 6.2. The 7, is twice
the first trough to second pea‘i( and is used to calculate the m,. The key
parameters for the synthetics are the attenuation model and P-pP delay time,
and these are indicated.

onset is too abrupt, the first peak is too large and the T), period (twice
the first trough to first peak time) is about 0.2 seconds too small. Fur-
ther, looking back at Fig. 3, we see a robust spectral hole at frequencies
no larger than 2.0 Hz for the m, > 6.0 events, suggesting P- pP lag
times of 0.5 - 0.6 sec for these events. But the mest significant discrepan-
cy is in the m,, for the amplitude of the synthetic seismogram is nearly

P RETH
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an order of magnitude too large. This discrepancy, in itself, is a strong
indicatior. that there must be rapid shift to greater attenuation in the
1 - 2 Hz band which controls the amplitude.

Our preferred mnde! for attenuation along the GBA East Kazakh patiy
is Mode! 2 in Fig. 6, and the other two synthetics were computed with
it (the Doornbos, 1983, formulation was used for the computations}. The
first has T, and 7, periods very neur those observed and an m; that is
also in reasonable agreement.

However, the P--pP lag time is too short to be consistent with the
major spectral hole, and the final synthetic was computed with a P - pP
lag time consistent with the spectral evidence. These synthetics clearly
represent a step in the right direction, and the major discrapancies are
what we should expect. The most obvious is the shape and relative
amplitude of the first peak, which is sensitive to the high frequency por-
tion of the @ model. But we have concluded that scattering is the domi-
nant zttenuation mechanism at high frequencies, and expect an absorp-
tion band model derived from the amplitude spectrum to under predict
the dispersion and pulse-broadening associated with scattering (Richards
and Menke, 1983). Thus, a correct representation of the phase spec-
trum for a @ due to scattering will clearly change the appearance of the
first p=ak toward that seen in the observed seismograms.

The second major problem with the synthetics is that elastic theory
is used to compute £, and there is ample evidence from previcus work
{e.g., Bache, 1982) and from these data to conclude that :his cannot be
correct. Synthetic and observed amplitude spectra are compared in
Fig. 13. The first trough in the observed spectra can reasonably be assuin-
ed to be due to ~-pP interference, but there is no more than z hint
of higher frequency peaks. This is about what one should expect for a
PP reflection coefticient that is smaller than the elastic and strongly depen-
dent on frequency. The next generation of synthetic seismograms must
include such a coefficient aleng with the proper phase spectrum for a @
due to scattering, and is expected to closely resemble the observations
in all important respects. These improvements may change the m, of
the synthetics by several tenths, so we must be cautious about inter-
preting the attenuation effect on m, until they are included.

SALMON and the Amchitka Events

The one available spectrum (YKA) for the SALMON event (~ 5 kt
in a Mississippi salt dome; m, ~ 4.5) was plotted in Fig. 5 as an exam-
ple of an event for which the corner frequency must be over 1 Hz. This
means that we cannot infer much at £* below 3 -4 Hz without correcting
for the source, with all the uncertainty that entails. However, comparison




T.C. Bache 267

100

[++}
e
]
3 27-12-81
3 \ 7
™ T .
u‘ Aﬁ\

25-Gd~82/

| ] | ]
2.0 4.0 6.0 80
frequency {Hz)

Fig. 13. The amplitude spectriuu of the sy~thetic seismogram computed with
attenuation Model 2 and 4 P-pF delay of .54 szcoads is compared to the GBA
spectra for three typical SW Shagan events.

with YKA spectra from the smallest East Kazakh events is enlightening
(Fig. 14). At high frequencies (> 3 Hz) there is not much difference,
though it appears that the SALMON spectrum falls off slightly more rapid-
ly. The low frequency behavior is consistent with the expactation that
SALMON has a higher corner frequency.

The available spectra for the Amchitka events are piotted in Fig. 15.
Array spectra are only available for LONGSHOT. At EKA this suggests
strong frequency-dependence of attenuation, but the effect is not seen
in the single element spectra for the other events. The CANNIKIN spec-
trum decays faster, but for this huge event (= 5000 kt), we should be
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Fig. 14. The YKA SALMON spectrum is compared to the YKA stacked Degelen
spectrum from Fig, 5 and the spectrum for one of the smallest Degelen events.

At the bottom it is shown with a line corresponding to a frequency-independent
t* of 0.2 seconds.

so far beyond the corner {requency that the source decay may be more
rapid. At YKA and EKA the attenuation above 2 Hz seems little different
than for SALMON (or the East Kazakh events). The similarity to the
East Kazakh paths is also seen in comparing long and short window spec-
tra; the results for LONGSHOT at YKA and EXA look much like Fig. 8.
At WRA the spectral decay is greater and long and short window spec-
tra plot together over the whole band; thus, there seems to be more
intrinsic attenuation on this path.

Developing a more quantitative model for the @ for f < 2 Hz, the
band of importance for m,, will require correction for the source.
Analysis of the spectral nulls in Fig. 15 shows some of the difficulties
that must be faced in doing so. The first null is at frequencies correspon-
ding to a P - pP lag time of 0.55 sec for LONGSHOT and 0.85 sec for
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Fig. 15. The available spectra are plotted for the Anichitka events,

MILROW, values consistent with previous work (e.g. King ¢t al., 1974).
The first CANNIKIN null corresponds to 0.75 sec, much too early to
be pP. But there are actually several nulls at regular intervals and these
appear to be multiples of 0.9 Hz for LONGSHOT, 0.6 Hz for MILROW
and 0.6 Hz for CANNIKIN. These suggest lag times (1.1 sec and 1.6 sec)
that cannot be right for pP. Thus, it appears that a phase later than pP
(spall slapdown?) is an important contributor to the spectrum for these
events and interpretation is that much more difficult.

French Sahara Events

The well-determined spectra for French tests in the Sahara are plotted
in Fig. 16. The best data are from EKA and they show a consistent pat-
tern, assuming that SAPHIR (~ 120 kt) is the largest corner frequency
event. The preferred model for East Kazukh-GBA fits these data rather
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Fig. 16. The spectra for French Sahara explosions are plotted and the EKA
SAPHIR spectrum is fit with Medel 2 from Fig. 6.

well, so one can only argue that attenuation on the French Sahara-EKA
path is greater than from East Kazakh by assuming that the SAPHIR
spectrum is contaminated by some source effect (¢.g., the corner fre-
quency may be greater than for the SW Shagan events). However, an
indication that the attenuation is different than on the East Kazakh-GBA
path is that short time window SAPHIR spectra have more high frequency
energy than long time window spectra. Thus, the attenuation has ap-
parently not reached the level where scattering predominates.

There is strong evidence that there is greater attenuation on the
French Sahara-YKA path, though it is troublesome to note the large dif-
ferences in the low frequency character of the spectra for the same event
at these two stations. Again, as for SALMON and the Amchitka events,
a quantitative estimate for the attenuation will require a confident cor-
rection for the source.

Conclusions

The key conclusion is that the effect of regional attenuation varia-
tions on magnitude is not represented very well by differences in the
frequency— independent ¢* that fit explosion P wave spectra in the 0.5
to 3.0 Hz band. Source spectrum variations can have a large biasing ef-
fect, and there must be frequency dependence in this band. These con-
tributions are potentially resolvable with the smooth spectral estimates
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we have computed from the UK array data, together with spectrum and
waveform modelling using absorption-band models for Q.

A detailed understanding of the attenuation along the paths from the
East Kazakh test site to the UK arrays is emerging. Comparing spectra
from different events, we can see the effects of varying source corner
frequency due to yield and, apparently, varying source material proper-
ties. Thus, we can select events where the source effect is minimized,
and so isolate the effect of attenuation. We find that we are able to separate
intrinsic attenuation, which is strongly dependent on frequency, from at-
tenuation due to scattering, which is not. The two kinds of @ imply dif-
ferent dispersion, but both must be properly represented in synthetic
seismograms to clarify the relationship of attenuation to m, in this situa-
tion. It will also be necessary to include the pP phase, and we can see
that a reflection is required. But the tools to handle these @ and pP ef-
fects are available, and there is reason for optimism abgut the prospects
to explain in detail the P wave signals from East Kazakh explosions.

We have the data to apply the same techniques to explosions from
other areas. Here we have shown only the spectra for a few sites for
which the data are sparse and interpretation lifficult. The major point
is again that it is necessary to accurately account for the source to unders-
tand the effect of attenuation. For SALMON and two of the three
teleseismic paths from Amchitka there is no obvious evidence for signifi-
cant attenuation differences with respect to East Kazakh; for one path
(Amchitka to WRA) the attenuation is clearly greater. For French Sahara
events a similar mixed picture emerges, with some indications of greater
attenuation, but other evidence that it is not much different than for East
Kazakh.

The next step is to study spectra for NTS events, which are
numerous enough that we can hope to separate source and attenuation
effects. Certainly the NTS spectra appear to be quite different on initial
review. Perhaps the insight gained in interpreting them will also help fit
the Amchitka and French Sahara spectra into a coherent picture of regional
attenuation variations and their effect on body wave magnitude.
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Investigation of @ and Backscattering in Codas
Anton M. Dainty

Summary

The coda of two earthquakes in the Mammoth Lakes, California, region
have been analyzed lo determine Q and the backscattering turbidity for the
purpose of determining the effect of scaitering on altenuation.

The backscattering turbidity and the Q are not consistent with each
other at low frequencies if single scattering is assumed to be occurring. The
backscattering turbidity implies that the Q should be lower than it is. This
potentially casts doubt on the use of parameters derived from the coda. Fur-
ther research should be undertaken to determine whether this situation oc-
curs in other regions, and what the cause s.

Introduction

There are (at least) two causes for the observed phenomenon of
the attenuation of body wave pulses in the earth, usually parameterized
as @: imperfect elasticity leading to the conversion of seismic energy
to heat, and scattering of energy out of the pulse by heterogeneity. In
this paper the codas of two earthquakes that occurred near Mammoth
Lakes, California, on May 26, 1980, at 19:01 and May 29, 1980, at 7:52
(Archuleta et al., 1982; Fig. 1) are analyzed to obtain estimates of Q,
describing total attenuation, and the backscattering turbidity, or backscat-
tering cross-section per unit volume, partially describing scattering. From
the backscattering turbidity, an estimate may be made of the intensity
of scattering to try and determine the relative contribution of scattering
and imperfect elasticity to Q.

Theory and Analysis Methods

The coda of local earthquakes consists of a train of waves arriving
after the body wave and surface wave phases have passed. Aki (1980)
has presented a theory of the coda as singly backscattered S waves. Ac-

cording to this theory, the power spectrum of the coda between ¢ and
t+ At after origin time is

P w,t) = At~ exp [~ wit/Q] n
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Fig. 1. Recording stations (triangles) and epicenters {circles) at Mammoth
Lakes, California. Closed triangle - stations used in this study. 1 - event at
148:19:01. 2 - event at 151:G7:32.

where

Al = P exp [wt,/Q] + 87 « Voglra) + t2 @

E(w) is the square of the magnitude of the Fourier iransform of the S
wave pulse, #, is the S wave travel time, V is the S-wave velocity, and
£&(x,w) is the backscattering turbidity. For the two earthquakes considered
in this study, the parameters A(w) and Q(w) are determined by fitting
Eqn. (1) to values of P(w,t) calculated in a moving window 0.64 sec long
and averaged over an octave. This is done for three vertical seismograms
from each earthquake. P, (w) is determined as the average of the squared
magnitude of the Fourier transform in the two nearest windows to the
S wave arrival time. The backscattering turbidity g(r,w) may then be
calculated from (2) since {, is known, assuming V = 3.2 km/sec.

To further analyze Q(w), Dainty (1981) shows that for attenuation
due to both imperfect elasticity and single scattering,
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1/Q = 1/Q; + g (w Viw 3)

@, is the intrinsic Q, representing the effect of imperfect elasticity, and
g/w) is the total turbidity, or total cross-section per unit volume. Since
the total turbidity includes the combined effect of backscattering, sidescat-
tering, and forward scattering, g,(w) must always be greater than g(x,w).
Typically, @, is relatively constant with frequency (Knopoff, 1964); Dain-
ty (1981) suggests that () is relatively constant with frequency above
1 Hz (the geometrical scattering approximation). From (3)

&lw) = [w/V] » [1/Q — 1/Q] 4)

For purposes of comparison with g(x,w), the apparent total turbidity has
been calculated from

& = [w/V] » [1/Q) (5)
Then
g, = g,w) = gim,w ©)

The relationship between g(x,w) and g,{(w) depends on the nature
of the scattering medium. For isotropic scattering,

£(w) = 4 g(r.0) @

For high frequency scattering from an acoustic random medium with
velocity fluctuations (Dainty, 1984):

g(w) = 567g(x,w) 8

Note that both (7) and (8), as well as the results of Wu and Aki (1984)
for a random elastic medium, indicate that g(=,w) and g,(w) should have
the same frequency dependence at high frequencies, 1.¢., approximately
independent of frequency.

Results and Discussion

Figure 2 shows the average values of g,(w) determined frem (5) and
&Z(x,w) determined from (1) and (2). Note that g(x,w) is approximately
constant at high frequencies and has values roughly consistent with (8),
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Fig. 2. Turbidity as a function of frequency, average results, Triangles -

backscattering turbidity. Circles - apparent total turbidity, Error bar indicates
a factor of two error, probably typical.

suggesting that high frequency scattering is occurring. At frequencies
below 20 Hz, however, g(x,w) increases by aver two orders of magnitude
as frequency decreases, until at 3 Hz g(,w) is actually larger than g,(w),
which by (6) is theoretically impossible (Andrews, 1982}. This discrepancy
requires an explanation.

Several possibilities have been considered. The measurement of
P (w) and hence g(»,w) may be incorrect if the window length is either
too short or too long, as suggested by Aki (1980). However, the results
presented here show the opnosite effect to that seen by Aki, i.e., g(x,w)
is high at low frequencies rather than high frequencies, as was the case
in Aki’s investigation. Further, it seems difficult to explain a frequency
dependent effect that spans over two orders of magnitude by this
mechanism. Another possibility is the @ in (3) is in fact mainly due to
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, and not to scattering. In fact, Q(w) for one of the events is quite con-
stant with frequency between 5 and 30 Hz, as might be expected if this
were true. In the context of single scattering theory, however, note that
(4) and (5) indicate that g(w) should be much larger than gfw) if this were
the case, and certainly larger than g(x,w), in contradiction to the results
presented here. Another possible explanation within the context of single
scattering theory is that fluctuations of different material properties are
primarily responsible for backscattering and total scattering, as suggested
by Wu and Aki (1984). However, (6) must still hold, and it seemingly
does not.

The result of attempting explanations which retain the concept of
single scattering in the coda, such as those above, seems to be that single
scattering cannot in fact be retained. It appears that for the two earth-
quakes examined here, we must conclude that multiple scattering is oc-
curring in the coda. Under these conditions, @ will tend to @;, and not
to the result given in (3) (Dainty and Toksoz, 1981); this may be impor-
tant in investigations which rely on coda measurements of @. In fact,
the cunstancy of Q between 5 and 30 Hz mentioned above for one of
the earthquakes suggests that @; is being measured. Obviously, the
results presented here must be checked for other regions and other
earthquakes.
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Anelastic Behavior of Tuff
M. D. Denny

Summary

We have used Achenbach and Chao’s (1962) 3-parameter model to
study Larson’s free-field particle motion data taken tn small scale ex-
periments on Mt. Helen tuff. This wmodel behaves very much like a Stan-
dard Linear Solid (Pound et al., 1982) but is much easier to handie. It
did an excellent job of describing the propagation over the available range
of data, which were measured well outside of the non-linear region where
compaction takes place. Since the strains were on the order of 10-3, we
cannot assert that our data was strictly linear. Nevertheless, we believe that
these results demonstrate the feasibility of inverting free-field data to ob-
tain a material’s creep function, and ultimately its apparent source finc-
tion. Preliminary results indicate that the ‘effective source radius’ is ap-
proximalely three times the size of the chemical explostve which would make
it only slightly larger than a nuclear cavity.

Since this model contains a characteristic frequency which is not
scalable, we find that for the same scaled distance the particle motions suf-
fer increased attenuation with tncreased yield.

Anelastic Behavior in Free Field Data

Liu, Anderson, and Kanamori, 1976, demonstrated that a series of
closely spaced relaxation mechanisms can explain a nearly constant @
behavior over a wide band of frequencies. The resulting linear anelastic
theory is consistent with observations of constant @ over the seismic
band. We believe that viscoelastic mechanisms, (with very different relax-
ation times) can explain the observed behavior of free-field particle velocity
from both nuclear and small scale chemical explosions, (CE).

Blake, 1974, derived the asymptotic solution for a standard linear
solid and found that at large distances, 7, from a source whose time history
was a step function, the peak velocities and peak displacements decay

*Work performed under the auspices of the U.S. Department of Energy by the Lawrence
Livermore National Laboratory under contract Number W-7405-ENG-48.
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as 7—2 and r—15, respectively, while at a given distance the peak velocity
was proportional to energy (or yield). In a second paper (Blake and Dienes
1976), the authors tried to apply this asymptotic solution to data taken
by DNA in dry tuff during a chemical explosion experiment dubbed
Minedust. They were not successful in matching the data, thereby con-
tributing to :he skepticism about the utility of free-field experiments.

We believe, however, that Blake and Dienes failed because they at-
tempted to apply the asymptotic solution of an anelastic phenomenon to
data which were taken in the pore compaction region. The basis for our
position is given in Fig. 1 where we have compared the peak velocity
data for Minedust with data from Larson’s small scale CE experiments
in Mt. Helen tuff and with data from five nuclear explosions in Rainier
Mesa tuff, Perret 1975. The Minedust data have the same slope, » =25,
as does the Mt. Helen tuff in its pore compaction region. Assuming that
Blake and Dienes were applying this theory in an inappropriate region,
it is understandable that their results were not good.

In Fig. 1 we also show the results of extrapolating Achenbach’s and
Chao’s, 1962, three-parameter anelastic model to large scaled ranges.
We note that in the region of the data used to obtain our rough estimates
of the three parameters the slope is » 1.3 but that the extrapolated

Free-field data - Dry Tuff
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curve asymptotically approaches a decay of r — 2.0 at large distances.*
Figure 2 also highlights the shortcomings of almost all of the experimen-
tal programs. Any one experiment typically does not cover g large enough
range to show a definitive behavior, The measurements from RAINIER,
for example, show the transition from pore compaction to anclastic
behavior but were not taken at great enough distances to show the r — 2
behavior. On the other bhand, all of the measurements made on event
EVANS appears to be in the » ~ 2 anelastic region.** In addition. the
early nuclear and chemical experiments are characterized by very large
scatter in the measurements.

The sandstone, granite, and dolomite data, Fig. 2, all appear to show
similar behavior. In each of these figures, the small scale CE data postfixed
“LDN”’ in the legend seem to be asymptotically approaching a slope of
r =20, The nuclear data in granite and dolomite, in comparison to the
small scale CE experiments, have so much scatter in them that no such
trend can be observed. However they fall below the » 2.0 line of the
small scale CE experiments. This is primarily due to the difference in
the equation of state between the nuclear explosive and the chemical
one. But it could also be due, in some part, to the anelastic behavior
of the material.

The following formulation for the Laplace transform of the particle
velocity, v(7), at any distance, r, due to a step in pressure, £, at a
distance R, was taken from Tsay, 1972:

1 s 1 1
{2+ 2R P —str-RH—= - —
L{U(T)] ) (f + E(s))Rn oexp{ 5(" 0)( 1(") o )} (1)
4ji(s) . 4i(s)s + 52
RZp ~ R,pEs)

and rewritten in reduced time, 7, where r = ¢t — (r—R,)/c_, and c,,
is the instantaneous or ‘‘unrelaxed’’ velocity of propagation. ¢ (s) and
# () are the complex phase velocity and shear modulus, respectively,
and p is the density. In the elastic case u (s) = u, a constant, c(s) =
€., and the exponential disappears.

*Since the meeting at Santa Fe, we have modeled the same data with an absorption
band model. With this mode! the asymptotic limit on the slope is reached by 2000 m/kt"
andis —2.5, not — 2.0, implying that the apparent applied stress should be represented
as decaying exponentially instead by a step function. The extrapolated curve for
Larson’s data with the modei is just offset from that of RAINIER and EVANS.

“*Or '--—2.5,
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The following discussion is simplified if we identify the three elements
of Eqn. 1 by name. Thus Eqn. 1 consists of a geometrical spreading term:

1 (_1 N _s_)
r \r ¢ (1.2
an apparent boundary condition term:
R,F,
47(s) 45(s)s 2 (1.b)
(Ro?p Y Ree® T ° )
and an attenuation term:
1 1
est| - R0y~ | @9

The phase velocity, ¢ (s), in a viscoelastic model is assumed to have a
modulus ¢ (w), which varies smoothly from some value, ¢,, at w = 0 to
another value, c,,, at w = o and where ¢, is less than ¢ . Thus the
transient outward propagating velocity pulse defined by Eqn. 1 has an
onset time which is determined by ¢_,. Close to the source, the attenua-
tion term 1.c has little effect on the high frequency components so that
the arrival time is clearly determined by ¢, . However, at large distances
the attenuation term suppresses the high frequency components and the
pulse becomes emergent.

In elastic theory R, is known as the elastic radius. This, obviously,
is inappropriate in anelastic theory and a better name might be the “‘ef-
fective source radius’’. For a given P, and yield, W, K, scales as the
cube root of the explosive energy or yield, W, or R, = kW' so that
Eqn. 1 becomes

(&) _ %(_,_ _ )(_1_ _1)]

E(s)(WV’ (r/W1,3)+s)kPoexp[ sW o k 2 e
LDl = @
r ( 4n(s) 47(s)s . 2)

+
wa P\ WPy T kW)

If 4 () and ¢ (s) are weakly dependent on frequency. Then we see that
at the same scaled range, »/W*, the frequencies in the boundary con-
dition term and the geometrical spreading term will approximately scale
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but that the exponential attentuation term will not scale. In fact, as the
yield increases, v {7) loses high frequencies more rapidly with increasing
yields for the same scaled distance. This, of course, is not the case for
elasticity. The degree to which this systematic bias is significant depends
on both the magnitude of the departure of ¢(5) from ¢, and the frequency
at which it occurs. Thus Eqn. 2 could explain both the change in the slopes
from something less than r —2 at small scaled ranges to » ~2 and the bias
between the small scale CE and nuclear explosions seen in Figs. 1 and 2.*

The possibility exists, of course, that we are comparing attenuation
due to different mechanisms, since we do not know the similarities or
differences between Mt. Helen tuff and Rainier Mesa tuff, or between
Blair dolomite and Climax stock dolomite, or between Westerly granite
and Climax stock granite. On the other hand, the fact that a simple model
can explain two prominent features of the free-field data is promising
enough to justify additional work to remove these uncertainties.

Our estimates of the three parameters in the Achenbach and Chao
(196